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Abstract

Several series of polyethylene (PE) blends were prepared where one component is a
conventional PE and the second is a conventional linear low-density polyethylene
(LLDPE) or a metallocene-catalyzed LLDPE. A two-step isothermal annealing
(TSIA) procedure is developed enabling the satisfactorily resolution of endothermic
peaks of blends of low-density polyethylene with LLDPE using standard thermo-
analytical techniques. The TSIA procedure enables the quantification of comp-
onents in an unknown, previously calibrated blend. The quantitative analysis of PE
blends by Fourier-transtorm infrared (FT-IR) spectroscopy is explored and achieved
by the development of a linear relationship based on the ratio of two absorbances in
an FT-IR spectrum. The method exhibits potential for routine analyses of PE blends
that have been previously calibrated. Chemiluminescence (CL) monitoring is
successfully applied to study the oxidative degradation of PE blends. The CL data
are consistent with the thermal and physicomechanical properties of the blends with
a decreased blend miscibility reflected in the CL data as a departure from the
idealized behaviour observed for more miscible blends. The physicomechanical and
optical properties of PE blends are investigated and the results used to optimize the
composition of particular film blends and assess the effects of downgauging the film

thickness.
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Chapter 1 Introduction

This chapter provides an insight into the historical development of natural and
synthetic polymers with particular attention given to the polyethylenes. The concept
ot polymer blends is explored and the historical development of blending polymers

to form new materials is also discussed.

1.1 The History of Natural and Synthetic Polymers

The first materials that would have been classified as polymers by the cuirent
definition were derived from natural sources. References to such materials have
appeared throughout history and include bitumen, amber resin, shellac, and gutta
percha [1]. The use of natural rubber produced from the latex extracts of the Hevea
brasiliensis tree [2] was possibly first discovered in the 1400s by Columbus and
explorers. Natural rubber, the precursor to polyisoprene, is still widely produced
commercially throughout the world. Perhaps the tirst instance of chemical modifi-
cation of a natural material occurred in the early 1800s when natural rubber was
heated with sulfur. This process was termed vulcanization and was first patented in
1851 [1]. The resulting product was known as ebonite, vulcanite or hard rubber and
is recognized as one of the first thermosetting plastics matenals [1]. The nitration of
cellulose and subsequent production of Parkesine in the 1860s was arguably the first
instance of a thermoplastic material [1]. The production of celluloid tollowed in the
1870s and this was produced by reacting cellulose nitrate with camphor as a

plasticizer [1].

From the late 1800s to the early 1900s, the production of polymeric materials was
still considerably experimental. In the late 1800s, the reaction of milk protein with
tormaldehyde resulted in the production of casein plastics that are still used today.
Polymer resins based on phenol and formaldehyde were also produced in the late
1800s although usetul products such as Bakelite [3] were not developed until the
early 1900s [4]. Other formaldehyde resins such as those based on urea soon
followed and these are still used commercially teday. Cellulose acetate was
developed in the 1920s as a possible replacement for the somewhat volatile
celluloid [1]. In the early 1930s, phenolic resins were successtully commercialized

and this achievement is arguably the precursor to the modern plastics industry [1].
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Ethylene-based polymers such as polyolefins (esp. low-density- or branched-
polyethylene), polyvinyl chloride and polystyrene were also first developed
commercially in the 1930s. These were termed viny/ plastics and are among the
major thermoplastics produced today. In the 1940s, significant developments
included the production of polyamides (Nylon), polytetratluoroethylene (7eflon) and
melamine. High-impact polystyrene was introduced in the early 1950s and is
arguably the first instance of a synthetic commercial polymer blend. The
advancement of catalyst systems and polymerization techniques in the mid-1950s
resulted in the production of linear polyethylene (high-density polyethylene) and
crystalline polypropylene. This era also saw the commercial production of acetal
resins and polycarbonates as well as acrylonitrile-butadiene-styrene that was first

developed as an impact modifier for high-impact polystyrene.

The control of molecular structure during polymerization was a major achievement
in the 1950s with the development of specialized catalyst systems. These systems
were based on organometallic molecules and were termed Ziegler-Natta catalysts
after the prnimary developers Karl Ziegler and Guilio Natta [1]. These catalysts
enabled the polymerization of materials with properties different to those produced
earlier using the same monomers. By the 1960s, developments in polymer tech-
nology were directed towards the production of special purpose materials rather than
general commodity polymers [1]. These specialty polymers included polysulfones,
aromatic polyesters and polyphenylene oxides and the trend in the development of
specialty polymers continued in the 1970s. The most recent major progression in
polymer science has arguably been through the pioneering work of Walter
Kaminsky performed in the area of catalyst systems [5]. Advances in organo-
metallic chemistry resulted in the production of metallocene catalysts that have been
used mainly in the production of ethylene, propylene and styrene polymers.
Metallocene-catalyzed polyolefins, in particular, have been produced commercially
since the late 1990s [1]. Although the use of metallocene-catalysts is well estab-

lished, the true potential of this technology is probably yet to be tully realized.
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The growth of the plastics industry, from its early beginnings of natural polymers
through to the full commercialization of sophisticated modem plastics materials, has
occurred rapidly over the past 90 years or so. Table 1.1 summarizes the historical
development of many of the major natural and synthetic polymers in chronological
order [2,6-16]. This table illustrates many of the major achievements in polymer
technology in both scientific and commercial developments. Alongside the growth
of the plastics industry, the scientific study of polymers has also developed rapidly

with several scientific journals dedicated to the research into polymeric materials.

1.2 The Development of Polyethylenes

Polyolefins and polyethylene (PE) in particular are highly significant polymers
commercially, industrally and scientifically, and their development merits further
attention. Branched PE (or low-density polyethylene, LDPE) was one of the first
polyolefins produced commercially in the early 1940s by the free radical polymer-
ization of ethylene using a high temperature and high pressure process [17]. The
development of lower temperature and lower pressure processes and using highly
active catalysts resulted in the production of linear PE (or high-density polyethylene,

HDPE) in the mid-1950s [17].

Further developments in catalyst technology lead to the production of copolymers of
ethylene with small amounts of an a-olefin [18,19]. This method of polymerization
incorporates short side-chains or branches on the ethylene backbone and the
resulting polymers, linear low-density polyethylene (LLDPE), were first developed
commercially in the late 1970s [17]. Ultra high molecular weight polyethylene
(UHMWPE) is similar in structure to HDPE [5] and is produced by the Ziegler
process [17]. Due to its high melt viscosity, a result of the high molecular weight
(MW) and degree of polymer chain entanglements, UHMWPE is relatively difficult
to process [20-22]. The benetits of using UHMWPE arise from the superior impact
properties, high abrasion resistance, low creep and good resistance to stress-cracking

of this matenial [17].
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Table 1.1. Historical development of natural and synthetic polymer materials.

Year  Polymer development/comments

1839  Vulcanized rubber was produced by heating latex or natural rubber with sulfur
(Charles Goodyear, USA).

1862  Parkesine was produced by reacting modified cellulose with nitric acid to form
cellulose nitrate and then mixing this polymer with a plasticizer (Alexander
Parks, USA).

1869  Celluloid, cellulose nitrate plasticized with camphor was patented (John Wesley
Hyatt and Isaiah Hyatt, USA).

1880  Isoprene rubber was produced (Gustave Bouchardat, France).

1898  Polycarbonates were first produced, but not fully commercialized until 1960.

1907  Bakelite, the first synthetic thermosetting polymer, was produced by reacting
phenol and formaldehyde (Leo Baekeland, USA).

1912 Polyvinyl chloride was first synthesized (J. J. Ostromislensky).

1929  Styrene-butadiene rubber was first synthesized (IG Farben).

1933 Branched polyethylene was discovered accidentally (Eric William Fawcett, UK)
then first produced commercially in 1939.

1935 Nylon (polyamide-6,6) was first synthesized (Wallace Hume Carothers, Du Pont).

1936  Epoxy resins were synthesized in Switzerland (Pierre Castan).

1937  Polyurethanes were first produced (Bayer, ]G Farbenindustries).

1938  Polytetrafluoroethylene (Teflon) was discovered accidentally (Roy Plunkett,
USA).

1941  Polyethylene terephthalate was first synthesized (Whinfield and Dickson).

1953 Ziegler catalyst systems (based on aluminium alkyls and titanium tetrachloride)
were first developed resulting in production of linear polyethylene (Karl
Ziegler, Germany) concuirent with development of Phillips catalysts (based on
metal oxides) also producing linear polyethylene (Phillips Petrol. and Std. Oil).

1954 Crystalline or isotactic polypropylene was first developed using Ziegler catalysts
(Guilio Natta, Italy), and produced commercially in 1957.

1960  Polyoxymethylene (polyacetal) was first synthesized (DuPont Co, USA).

1961  Aromatic polyamide fibres were introduced (DuPont Co, USA).

1968  Poly(phenylene terephthalamide) was first spun into strong, stiff fibres (Kwolek
and Morgan, DuPont Co, USA).

1972 Liquid crystal polyesters were first produced commercially.

1973 Polyphenylene sulfide was first produced (Phillips Chemical Co.).

1977  Linear low-density polyethylene was first produced (Union Carbide Co., USA).

1982 Polyetherimide (amorphous engineering thermoplastic) was first introduced
(General Electric Co.).

1990s  Metallocene-catalyzed polyolefins were first commercialized (Exxon, USA).

1996 Commercial production of metallocene-catalyzed polypropylenes (Exxon, USA).
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More recently, advances in single-site metallocene-catalysts have resulted in the
production of structurally superior PEs which were first commercially produced in
the late 1990s [17]. Metallocene-catalyzed PEs (mPEs) are usually ethylene
copolymers with a more uniform incorporation of the comonomer and have a
narrower molecular weight distribution (MWD) than conventional LLDPEs. The
terms very low-density polyethylene (VLDPE) or ultra low-density polyethylene
(ULDPE) are often used to describe metallocene-catalyzed PEs [17,23-30] and due
to the inherent plastic and elastomeric features, mPEs are often referred to as
plastomers [31]. Although the mPEs are relatively new, the properties of these

materials are well characterized and established in the literature [32-43].

The versatility of the polymers belonging to the PE family is further illustrated in
Table 1.2 which lists the main types of PEs and their uses [2,5,17,44]. The range
and diversity of the various PE grades is extended by the range of molecular weights

that can be obtained by precise control of the polymerization processes [5].

Table 1.2. Types and uses of the various PE resins.

PE Density range/  Comments and applications
g em”
LDPE 0.910-0.935 Tough and flexible polymer mainly used for packaging

film, general purpose moulding of domestic products
such as bottles and tubes, depending on the MW.

HDPE 0.935-0.965 Stronger and stiffer than LDPE, used mainly in blow
moulding, low MW HDPEs used for general purpose
moulding. Uses include pipe, tapes, films, and bottles.

LLDPE 0.910-0.925 Copolymers of ethylene and a-olefins. Structure similar to
HDPE but with short-chain branching, stiffer than LDPE
but different melt processability. Some filins have higher
impact strength, tensile strength and ductility.

UHMWPE ca. 0.940 Difficult to process, can be drawn into strong fibres, used
for specialized engineering applications, has superior
impact properties and high abrasion resistance.

mPE 0.800-0.920 Copolymers of ethylene and a-olefins using single-site
catalysts. Also known as VLDPE or ULDPE, has supe-
nior mechanical and optical properties, uses include film
products, frozen food packaging.
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1.3 Polymer Blends

Concurrent with the advancement of the plastics industry has been the development
of the science and technology of polymer blends. Just as the first polymers of
historical significance were based on natural materials, the first polymer blends were
mixtures of natural polymers. Arguably the first polymer blend was a mixture of
natural rubber and gutta percha developed and patented by Thomas Hancock in
1846 [45]. The term polymer blend can be used to describe a mixture of two or
more polymers or copolymers [46] and can be interchanged with the term polymer
composite. A polymer alloy describes an immiscible polymer blend with a distinct
phase-morphology [46]. An interpenetrating polymer network 1s a polymer blend in
which one or more components undergo polymerization in the presence of the
other [47]. Other terms can be used to describe polymer blends and these primarily

relate to state of miscibility of the blend.

The blending ot two or more polymers to form a new material 1s widely established
as a means to produce new materials with tailored properties. The recycling of
plastic wastes often involves the reprocessing of mixtures of two or more polymer
materials in various states of degradation [48-55]. Other than economical and
environmental incentives, blending polymers 1s often aimed at improving a weak
property of a component resin such as impact strength or processability {46]. The
miscibility of the constituent polymers determines the compatibility of the blend on
a molecular level that, in turn, determines the ultimate properties [51,56,57]. In
order for structural compatibility to be achieved the polymers must ideally
co-crystallize into a single phase and the resulting blend should behave like a
homogeneous material [21,57]. In practice, however, polymers are often immiscible
or incompatible and phase separation can occur resulting in a detriment to physical
and mechanical properties [56]. The properties of the individual polymers such as
density, melting temperature, degree of crystallinity and molecular weight

distribution [58] also aftect the miscibility and resulting properties of the blend [59].
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The science and technology of polymer blends increased rapidly during the
1980s [45] and a recent survey of two largely popular journals dedicated to
polymers from 1980 to the present reveals a continuation in this trend. The number
of articles containing the keywords “blend”, “alloy” or “composite” was expressed
as a percentage of the total number of articles published per annum. A similar
survey of US patents relating to polymeric matenals over the same time period was
conducted for comparison. Figure 1.1 illustrates the increase in the percentage of
articles or patents relating to polymer blends in general and shows that the study of
blends has more than doubled from an average ca. 15% in 1980 to an average ca.

40% of the published literature sampled. The relative increase in patents has been

steady although not as dramatic with only a ca. 12% increase since 1980.
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Figure 1.1. Trend in the percentage of published papers or patents
relating to polymer blends from 1980 to the present for: (o) Joumal
of Applied Polymer Science (published by Wiley Periodicals, Inc),
() Polymer (published by Elsevier Ltd) and (o) US Patents.

A detailed history of polymer blends from the perspective of the patent literature has
been presented by Utracki in 1989 [45] and again in 1995 [60]. The author indicates
that the eventual patenting or commercial.ization of a polymer blend has often been
preceded by extensive research with a ratio of research articles to patents of 18 to 1
in 1995 [60]. From 1980 to the present, contributions to the Journal of Applied
Polymer Science and Polymer pertaining to polymer blends, alloys or composites

totalled more than 13000 articles. Considering the extent of published material
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relating to polymer blends in general, it would be virtually impossible to present a
complete review of this entire area. A detailed review of the properties of blends

involving polyethylene with other polyolefins is presented in Chapter 2.

1.4 Aims of this Work

In view of the continued and increasing importance of polymer blends as a means of
economically developing new materials with desirable properties, the current work

is aimed at the following:

e To prepare several binary PE blend systems based on conventional PEs and

mPEs that are suitable for film or solid-state applications.

¢ To develop new analytical techniques based on differential scanning calori-
metry, Fourier-transform infrared spectroscopy and chemiluminescence in

order to characterize the blends.

e To test and assess the physicomechanical and optical properties (for film
samples) of the blends in order to identify any blends that have optimum and

desirable properties.

¢ To make recommendations for appropriate procedure to follow in order to
identify and develop future polyolefin blends that have desirable physico-

mechanical and optical properties and that are commercially viable.
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The characterization of polymer blends by various techniques is particularly
important as it can reveal information such as blend compatibility or incompatibility,
melt behaviour, solid-state properties, oxidative stability and structural infor-
mation [61-75]. Techniques for polymer and blend characterization include those
based on x-ray diffraction [76-92], light scattering [59,61,68,93-110], gel perme-
ation chromatography [111-130], neutron scattering [82,131-148], nuclear magnetic
resonance [64,128,130,149-169] and vanous microscopic techniques [83,88,89,
96,136,170-190]. Many of these techniques are often expensive or time-consuming,

however, and are not widely available in industrial situations.

For a polymer blend to be functional it must be structurally sound and have desirable
physicomechanical properties that are ideally better than those of the components of
the blend. Although there are almost unlimited combinations of polymers available
for binary blends, the development of economical, functional, commercially
important polymer blends ts becoming foremost in the field ot polymer blend
technology. This chapter reviews various techniques that are utilized in the
characterization of polymer blends with an emphasis on differential scanning
calorimetry, infrared spectroscopy and chemiluminescence techniques. The solid-
state properties of blends of PE with other polyolefins are also reviewed with

particular attention being given to blends of PE with PE.

2.1 Blend Characterization by DSC Techniques

Difterential scanning calonmetry (DSC) 1s widely used to identity, characterize and
analyze crystalline and semi-crystalline polymers. In particular, the analysis of
polymer blends by DSC is now commonplace and a number of techniques have been
developed for the qualitative and quantitative analysis of blends [191-194]. Blends
of LDPE and LLDPE are commercially important and the analysis of LDPE/LLDPE
blends by various DSC techniques has therefore received considerable attention in
the literature [65,66,68,95,195-206]. Certain types of LLDPE show two or more
distinct melting temperatures when examined using DSC [207-210]. The presence

of multiple peaks in DSC thermograms can be primanly explained by the presence
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of polymer fractions that possess different degrees ot short-chain branching (SCB)
[35,138,191,208,211,212]. Melting and recrystallization during heating may also
contribute to multiple peaks in DSC thermograms [213]. The highest melting
temperature observed in a typical DSC thermogram of LLDPE is due to the
ethylene-rich or relatively linear molecules crystallizing from the melt first, whilst
the peaks occurring at lower temperatures are due to the more branched species,

such as octene-rich fractions, which crystallize at later stages [26,35,208,214].

The crystallinity of LLDPE is dependent upon its degree of branching where a lower
proportion of SCB produce a greater degree of crystallinity [208,215]. The melting
temperature of a crystal of LLDPE is determined, in part, by the lamellar thickness
and so the broad endotherm typically seen in DSC traces of LLDPE is primarily
attributable to the distribution of lamellar thicknesses [210,215,216]. Broad endo-
therms may also be a result of other factors such as the incorporation of branches
into crystals, the degree of crystal perfection, lateral crystal sizes, and the heating
rates used to obtain the thermograms [67,213,217]. Moreover, the temperature at
any point on the DSC trace is indicative of the proportion of lamellae in the sample
with that melting temperature. Thus, it is expected that the melting temperature of
the polymer and the profile of the resulting endotherm will be affected by the extent
to which SCB is incorporated in its crystalline structure and the resultant crystalline

imperfections caused by these [209,211,215,218].

The melting behaviour of LDPE/LLDPE blends has been widely studied and such
blends have been found to be miscible in the melt [63,68,95,195,196,219-227]. The
miscibility of LDPE/LLDPE blends in the solid state, however, depends on the
method of cooling from the melt [68,95,228-231]. The analysis of LDPE/LLDPE
blends by DSC generally shows that in most cases two distinct melting peaks
corresponding to constituent polymers are present on the resulting melting
endotherms [68,203]. It has been suggested that the blend is volume hilled by
LLDPE and that LDPE crystallizes separately within the crystalline domains of the
LLDPE component [68]. Prasad [195] used endotherm peak height changes to
identify blends of LDPE/LLDPE and found the melting temperature of LDPE varies

with density and is usually in the range of 106°C to 112°C for film-grade resins.

10



Chapter 2

The DSC thermogram of LLDPE is characterized by a broad range of melting peaks
with a lower melting peak around 106°C to 110°C and a higher one in the range of
120°C to 124°C [195]. In a blend with LDPE, the ratio of the two endothermic peak
heights changes such that at a given weight percent of LDPE, the ratio depends on

the type of comonomer present in the LLDPE [195].

[t has been found that LLDPE samples having similar densities and melt flow
indices can show significant differences in their molecular structure, particularly in
regard to the SCB distribution [18,216,232,233]. The technique of DSC is
particularly useful for identifying differences in the SCB content that exists between
LLDPE samples since it enables the fractionation of the polymer on this basis [26,
197,198,218,234,235]. A limitation of the conventional DSC technique, however, is
that the standard annealing procedure (i.e. heating to 180°C at the rate 10°C min™,
holding at 180°C for 10 min then cooling from 180°C to room temperature at the
rate of 10°C min™) yields thermograms that may have insufficient detail to enable
the identification of an unknown LLDPE material [236]. Furthermore, thermograms
produced using the standard DSC annealing procedure may demonstrate poor
resofution of the LDPE and LLDPE components in a given blend [66,220]. Any
accurate determination of the areas under the peaks of the thermogram and the
subsequent quantitative analysis of the components is therefore made difficult. One
method of overcoming this problem is to measure the total area under the set of
unresolved peaks and to obtain the individual areas by assuming a certain

distribution curve for each component [235,237].

Temperature rising elution fractionation is often employed to fractionate poly-
ethylenes and polyethylene blends based on the level of SCB of the polymer chains,
however this technique can be time-consuming and relatively expensive [18,115,
157,197,210,218,233,238-255]. Successive self-nucleation and annealing (SSA) is
another technique that is widely used to promote molecular segregation in
copolymers and blends [26,191,214-216,242,256] whereby components in LLDPE
and LDPE/LLDPE blends are segregated based on branch distribution and branch
density [161,210,239,252]. In a typical SSA procedure, however, it can take up to

20 h to perform the initial annealing step [252].

11
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2.2 Blend Characterization by IR Techniques

The analysis of polymers and polymer blends by DSC is often accompanied by
analysis techniques based on infrared (IR) spectroscopy [103,186,193,195,219,231,
257-269]. This essentially non-destructive technique is commonly used to identify
polymers and can be used to determine various structural parameters of polymers
and polymer blends ([81,98,103,107,155,168,180,184,195,231,257-259,270-289].
This technique has the added advantage of potential integration in-line with polymer

processing equipment tor the purpose of quality control monitoring [290].

The investigation of structures [195,291-295], composition [289,296-301], density
and crystallinity [274,293,300], degree of oxidative degradation [300,302], degree of
functionalization [155], and blend compatibility [270,300,303,304] are common
applications of IR spectroscopy in polymer analysis. The density of PE can be
monitored using IR spectroscopy by observing the absorbance band at 730 cm™ that
increases in Intensity with increasing crystallinity [291,305]. Furthermore, the
crystallinity of PE can be calculated using the IR absorbance bands at 722 cm™ and
730 cm™ [274] and the extent of crystallinity can also be estimated using the
absorbance band at 1894 cm’ [293]. The position of the methyl detformation band
usually centred at 1378 cm™ can be used to identify branches in LDPE [248,306-
308]. Ditterent types of LDPE can be distinguished by taking the ratio of the
Fourier-transtorm infrared (FT-IR) absorbance bands at 1368 cm™ and 1378 cm™ to

give an estimate of the length of branching in the structure [309,310].

Infrared spectroscopy has been widely used to identify and analyze various
structural entities of LLDPE [195,248,311-315]. Short-chain branching in LLDPE
is of particular interest considering the type and distribution of SCB is responsible
for the major physicomechanical properties of LLDPE [19,316-319]. The type and
quantity of the comonomer used in the production of LLDPE can be determined
using IR spectroscopy [316] as well as the type of LLDPE used in LDPE/LLDPE
blends [195]. A summary of the major structural entities of LLDPE and their
corresponding [R absorbance wavenumbers is given in Table 2.1, as well as other

general structural entities associated with PE.
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Infrared spectroscopic techniques have also been used to investigate other
commercial copolymers and blends including the compositional analysis of
styrene/isobutylene copolymer [298].  The composition of ethylene-acrylate
copolymers has been examined using absorbance bands specific tor CH and C=0
species [296]. The structure of ethylene-propylene copolymers has been quantitied
by IR spectroscopy using the ratio of two absorbance peaks [299] or by deriving
suitable equations [297,320]. The compatibility of 2,6-dimethyl-poly(phenylene
oxide) (ZMPPO) biended with polystyrene (PS) has been assessed by IR
spectroscopy which showed that blending induces structural changes in 2MPPO

resulting in blend compatibility [303].

Blends of polyolefins have been studied by IR in order to determine parameters such
as changes in composition, structural charactenstics, and compatibility [189]. For
example, an IR study of the surtace oxidation of LDPE and LDPE/LLDPE blends
showed that LDPE is more susceptible to oxidation than the blend, presumably due
to the presence of LLDPE [321]. Moreover, in blends of HDPE with LLDPE, the

ratio of absorbances at 1378 c¢cm™ and 1368 cm’

1s a measure of methyl group
content and hence the LLDPE content [322]. The composition of blends made trom
recycled mixed plastics such as polypropylene (PP) and HDPE can also be

determined from the ratio of absorbances in FT-IR spectra of the blends [267].

Although the analysis of polymers and blends by IR spectroscopy is often
qualitative, a number of useful quantitative technmiques have been developed
(195,267,274,297,310,323]. Non-linear relationships based on the ratio of two
peaks in the same spectrum to study blends of poly(phenylene ether) (PPE) with PS
and blends of PP with PE using IR spectroscopy were derived by Cole et a/. [323].
In each of these blend systems, the non-linear equation was used to quantify the
composition based on the ratio of 430¢/4757 and A306/(A700 + A1306) tor the PPE/PS
blends, and A 1160/(A 1160 + A720) and Ay378/(A 1378 + A 1467) tor the PP/PE blends [323].
Each of these blend systems is comprised of two polymers with different molecular
structures that facilitate the convenient selection of absorption bands that are unique

to each polymer in the blend. For blends containing two difterent PE materials,
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however, the polymers have essentially the same structure and it may be more

difficult to assign unique IR peaks to each component,

If one of the components in the blend is-a copolymer such as LLDPE, it may be
possible to identify a peak or peaks that is or are specific to the SCB in the structure
of the LLDPE [248,311-316]. It a second peak is identified as common to both
polymers in the blend, such that the absorptivity is equivalent, a linear relationship
can be derived based on the rétio of these two absorbances and blend composition.
Cole et al. [323] derived the following equation for the ratio of the IR absorbances

of blended polymers:

_‘/_(I__ - K2u +(Klu _K2u )Zl

u

Ah th'*'(th_th)Zl

(2.1)

where 4, and 4, are the absorbencies at frequencies « and b respectively, K|, and K3,
are the absorptivities of components 1 and 2 at frequency a respectively, Ky, and Ky,
are the absorptivities of components 1 and 2 at frequency b respectively, and Y is

the mass fraction of component 1.

It has been noted [323] that equation (2.1) is non-linear with respect to ¥, except for
the fortuitous case where K, = K3, Nonetheless and with regard to the latter,
polyethylene blends may be considered to be such a “fortuitous” case. Such blends
contain components that are almost chemically identical and, in many cases, it
should be possible to identify a frequency at which only one of the components

absorbs strongly and another where both absorb.

2.3 Analysis of Polymers and Blends by Chemiluminescence

The use of DSC and IR spectroscopy for the analysis of polymers, copolymers and
polymer blends is well established. Chemiluminescence (CL) is a relatively new
technique that may offer new insight into the thermo-oxidative stability of

polyolefins and polyolefin blends [280,327-336]. The thermo-oxidative stability of
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a polymer or polymer blend is an important consideration, particularly during its
melt processing where excessive degradation can adversely affect its ultimate
properties and thereby reduce its service life. Thus, most commercial polymer
formulations contain some antioxidant (AO) to inhibit degradation during pro-
cessing. At low temperatures, the thermal stability of PE is affected mainly by the
presence of trace metals or acid residues that originate from the polymerization
process [337]. At high temperatures, such as those required for melt processing, the
stability of PE is influenced mainly by the presence of unsaturated sites in its

structure that can result in chain branching and breakage [337].

The solid-state thermo-oxidative degradation of LDPE film [338-341] is believed to
occur homogeneously providing the film thickness is kept constant [339]. In some
cases, heterogeneous oxidation is observed where the oxidation spreads from
oxidized amorphous regions to unoxidized amorphous regions in the polymer. A
model has been proposed to account for the heterogeneous oxidation process and has
been applied to the thermo-oxidative degradation of HDPE and LLDPE [340,341].
The difference between the oxidative stabilities of these polymers is attributed to
their different crystallinities as well as the presence of less stable tertiary carbons in
LLDPE [342]. In particular, HDPE has been reported to exhibit a lower rate of
oxidation than LLDPE with catalyst residues intluencing its rate of oxidation more

than the crystallinity [342].

As metallocene-catalyzed linear low-density polyethylene (mLLDPE) has a low
degree of unsaturation and a low level of metal residue, it should exhibit a high
intrinsic oxidative stability [337]. Indeed, the thermo-oxidative stabilities of various
types of PE have been reported to decrease in the order: HDPE > mLLDPE >
LLDPE [343], which is also in agreement with the findings of Foster et al. [337].
However, a study [119] of the thermo-mechanical degradation of different PEs
during processing suggests that conventional LLDPE is more stable than mLLDPE,
a result that is contrary to the previous findings [337]. It is apparent that the current
literature contains some inconsistencies with regard to the relative stabilities of the

different types of PE.
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The thermo-oxidative stability of polymer blends is becoming an important topic, as
blending is now a widely used method of producing materials with tailored
properties. It has been found that the thermo-oxidative stability of a blend may be
affected by factors such as the processing conditions [344], the choice of vulcanising
system {345] in the case of vulcanized blends, the extent of cross-linking {346], or
the chemical nature of the components in the biend. For example, blends of
ethylene vinyl acetate polymer with LDPE exhibit higher thermal stabilities than
either of the pure constituents and this has been attributed to the effects of cross-
linking [346]. Moreover, the blending of LDPE and isotactic polypropylene (iPP) is
reported to increase the oxidative stability of the latter, presumably due to the

dilution of tertiary alkyl radicals of iPP by the domains of LDPE [283].

The development of CL monitoring has resulted in a reliable technique for
determining the oxidative stability of polymer formulations [73,280,329,347-350].
Chemiluminescence may be observed when a polymer such as a polyolefin is heated
in the presence of oxygen [73] and CL is believed to originate from excited-state
carbonyl groups formed during the termination step in the auto-oxidative pro-
cess [332]. The CL oxidative induction time (CL-OIt) derived from single photon
counting CL experiments is a measure of polymer stability and is obtained by
monitoring the intensity of CL emission as a function of time during polymer
oxidation. The CL-OIt is the time cormrresponding to the point of intersection
between the extended baseline and the extrapolated, integrated CL signal obtained

during steady-state auto-oxidation {73].

More recently, chemiluminescence imaging (CLI) [351-353] has been developed
and this technique shows considerable potential as a reliable method for
simultaneously collecting the CL emission from multiple samples [354]. An
oxidative induction time (OIt) can also be derived from CL imaging experiments
(CLI-OIt). Chemiluminescence monitoring is regarded as a highly sensitive tech-
nique that often gives greater baseline stability over long induction times than

methods such as DSC [355].

17



Chapter 2

A number of CL studies on a range of polyolefins report the relative thermo-
oxidative stabilities of the polymers. For example, in an early study, Audouin-
Jirakova and Verdu [356] found that the stability of certain polyoletins decreases in
the order: HDPE > LDPE > ¢thylene/propylene copolymer > PP. This order was
also found to correspond to an increasing degree of branching amongst the
polymers. Indeed, it has been suggested [357] that the intensity of CL emission
trom LLDPE depends on the type and degree of SCB with longer, more frequent
SCB producing a higher CL intensity than shorter, less tfrequent SCB. In other CL
studies a decreasing order of stability of: HDPE > LLDPE > LDPE > iPP has been
reported for additive-free polyolefins [327] and a decreasing order of HDPE >
poly(4-methylpentene) > iPP > polybutene has also been reported [358]. In a further
study, a good correlation has been tound between the CL-OIt and the physico-
mechanical properties of multi-extruded PP [329]. A comparnison of the stabilities of

PEs as assessed by different experimental methods 1s presented in Table 2.2.

The application of CL techniques to the study of polymer blends has received
relatively little attention in the literature to date [280,330,348,359]. Nonetheless, in
the study of polymer blends CL monitoring techniques have the potential to reveal
important aspects such as the stability of the blend and blend miscibility that may
subsequently lead to the development of more compatible blends. For example, in a
study of the oxidative stability of poly(2,6-dimethyl-p-phenylene ether) in blends
with PS and polybutadiene (PBD), CL has been successfully used to develop
optimized stabilizing conditions for the system [348]. In another study, compatible
mixtures of PS with poly(vinyl methyl ether) studied by CL show that at temper-
atures where phase separation occurs, the luminescence is stronger than that emitted
from a homogeneous blend [359]. In recent studies, blends of LDPE with natural
rubber (NR) or styrene-butadiene rubber (SBR) studied by CL reveal the rate of
oxidation is faster in LDPE/NR blends than LDPE/SBR blends [280]. Furthermore,
the technique of second time derivative analysis of CL profiles was successtully
applied to a 5% (w/w) blend of PBD in PP and enabled the oxidations of the

separate phases to be elucidated [330].
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2.4 The Properties of Polyolefin Blends

Polyolefins and PEs in particular have been produced commercially for nearly 80
years and their blends have been prepared for around 50 years [46,361]. This
section reviews the literature relating to blends of polyolefins and PE/PE blends in
particular, with an emphasis on the miscibility and physicomechanical properties of
these blends. The properties of LLDPE and mLLDPE are also discussed as these
polymers are often blended with other polyolefins in order to improve the

physicomechanical and optical properties of conventional PEs.

2.4.1 The Properties of LLDPE and mLLDPE

Linear low-density polyethylene is produced via the copolymerization of ethylene
with a small amount of an ¢-olefin such as but-1-ene, hex-1-ene or oct-1-ene. Short
side-chains on the ethylene backbone are thus introduced [362] which causes
LLDPE to have a melting temperature between that of LDPE (m.p. range 108°C to
115°C) and HDPE (m.p. range 130°C to 135°C) [82]. It is claimed that the branches
in LLDPE affect its crystallinity [95,363] and crystalline melting point [18,362] and
improve other properties such as stiffness [364], tensile strength [19,365], chemical
resistance [95,251], tear strength [253], fracture toughness [366,367], and impact
toughness [368,369].

The type and amount of comonomer are responsible, in part, for the resulting
physical and mechanical properties of LLDPE [19,232,241,370]. Variations in the
comonomer content, reactor conditions and catalysts used can result in improve-
ments in tensile strength, tear resistance and melt viscosity [253]. Several studies
have suggested that the impact toughness of LLDPE is due to the presence of a
second rubbery phase resulting from the SCB [366,367,369], although another study
[368] suggests that the improved toughness is independent of the amount of this
second phase and that a rubber-toughening effect is not responsible for the observed

impact behaviour.
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The processability of conventional LLDPE is different to that of LDPE [364,
371,372] and therefore film blends of these materials may require different
processing conditions compared to pure LDPE films [373]. For resins with the same
melt flow index, LLDPE is tougher than LDPE and therefore thinner films of
LLDPE can have equivalent or better mechanical properties than thicker LDPE
films [17,371]. The production of films from pure LDPE presents minimal
difficulties and good bubble stability is maintained throughout the extrusion process
due to the long-chain branching (LCB) content of the LDPE [371]. The high melt
viscosity of pure LLDPE, however, can cause melt fracture if conventional LDPE
extrusion equipment is used [364,374]. Increasing the extrusion temperatures and
widening the die gap can reduce the occurrence of melt fracture but this reduces the

bubble stability [374].

The use of metallocene-catalysts in the production of LLDPE results in polymers
with different properties compared to conventional LLDPE resins made using
similar comonomers [31,375-379]. The SCB in mLLDPE is more evenly distributed
along the PE chain and typical resins are produced with much lower densities than
conventional LLDPE [362,378,379]. Film-grade mLLDPE has improved impact
strength [380], tensile properties and optical clarity [377] compared with conven-
tional LLDPE. It also exhibits lower melting temperatures [379] and has improved

heat seal strength [31] compared with conventional LLDPE.

2.4.2 Blends of PE with Other Commodity Polymers

Blends involving PEs, including LLDPE, with other polymers have received
considerable attention in the literature. In particular, the major commodity polymers
such as PP, PS, polyvinyl chloride (PVC), polyethylene terephthalate (PET), and
polyamide (PA) or nylon polymers have been blended with PEs for various
purposes. Although these blends are outside the scope of the current work, a
summary of the general properties of various PEs with some of the major

commodity polymers is presented in Table 2.3.
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Table 2.3. Properties of blends of PE with other commodity polymers.

Blend

Properties of blend/comments

References

LDPE/PP,
HDPE/PP,
LLDPE/PP

HDPE/PS,
LLDPE/PS

Blends are inherently immiscible with poor
mechanical properties. The use of cross-
linking agents during processing, the
addition of ethylene-propene rubber and
other copolymers can improve misci-
bility and mechanical properties.

Blends are inherently incompatible with
poor mechanical properties. Addition of
graft copolymers, block copolymers and
other compatibilizers can improve misci-

LDPE/PP blends:
[174,361,381-404]

HDPE/PP blends:

(24,183, 390,399,400,405-434]
LLDPE/PP: blends:
[24,28,75,383,386,400,427,435-462}

HDPE/PS blends:
[425,463-482]
LLDPE/PS blends:
[125,483-490]

bility and mechanical properties.

LLDPE/PVC Poor miscibility, processability, and mech-
anical properties. Can be improved by
crosslinking, addition of chlorinated PE,

functionalization.

[491-501]

HDPE/PET  Blends are inherently incompatible with
poor processability. Addition of nucle-
ating agents, compatibilization, function-
alization or irradiation can improve

processability and ultimate properties.

[502-523]

LDPE/PA Blends are inherently immiscible but can
be improved by functionalization of
LDPE, addition of compatibilizers, or by
reactive compatibilization. Some mech-

anical properties can be improved.

[266,524-543]

2.4.3 Blends of PE and PE

As shown in Table 2.3, blends ot PEs with other commodity polymers are generally
inherently immiscible, due mainly to the differences in chemical structure, and often
require the addition of compatibilizers or some functionalization in order to improve
miscibility and mechanical properties. The development of suitable methods of
compatibilization is particularly important for the recycling industry where it is
impractical to completely separate polymers from waste streams prior to
reprocessing [48,54,55,120,162,268,361,391,399,401,544-552]. For blends of PEs
with other PEs, however, the components have essentially the same chemical

structure [553] and blend compatibility issues are primarily attributable to

differences in types and levels of chain branching [554].
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Properties of LDPE/HDPE Blends

The melting behaviour of LDPE/HDPE blends has been extensively studied and it is
widely regarded that the blend components can segregate into distinct molecular
phases depending on conditions such as cooling rate and thermal treatment
[71,76,82,133,171,191,200,207,220,240,301,363,555-572]. Full melt-compatibility
of LDPE/HDPE blends can be achieved if the blends are crystallized rapidly from
the melt [568] which may be due to miscibility of the components in the molten
state [144,145,219,564,573-577]. Liquid-liquid phase separation (LLPS) can occur
in LDPE/HDPE blends [564,576-580] and the extent of LLPS has been shown to be
dependent on the MW of the HDPE component in particular [576]. Slow-cooled
LDPE/HDPE blends can segregate on cooling [207,565] suggesting that the
presence of LDPE hinders the growth of HDPE crystals and that a degree of
interaction between HDPE and LDPE occurs at the molecular level [565].
Annealing LDPE/HDPE blends can result in the occurrence of three distinct
endothermic peaks with the high melting peak belonging to HDPE, the low melting
peak belonging to LDPE and the intermediate melting peak resulting from
LDPE/HDPE co-crystals [555,556]. Similarly, LDPE/HDPE blends cooled rapidly
from the melt also present three endothermic peaks [200,240,557,561], particularly
when the LDPE is of low MW [557].

The incompatibility of LDPE/HDPE blends determined by thermal analysis is often
supported by poor solid-state mechanical properties [207,581,582] and tensile
properties of LDPE/HDPE blends are less than those predicted by the rule of
mixtures [583]. For blends of waste LDPE and HDPE, the addition of 2% (w/w)
dicumyl peroxide results in improved blend compatibility and subsequently

improves the tensile properties of the blend [569].

Properties of HDPE/LLDPE Blends

Whereas blends of LDPE and HDPE generally form independent crystalline phases

when cooled from the melt, blends of HDPE and LLDPE can co-crystallize into a
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single phase and are thus considered compatible [61,101,104,106,204,561,583-595].
The type and level of branching of the LLDPE component, however, is influential
with regard to co-crystallization [89,145,584,586,591-593,596,597,597-601] and
minimum branch contents for phase segregation have been determined for various
HDPE/LLDPE blends [67,89,139,140,593,597-599,602]. Indeed, the phenomenon
of LLPS can occur in HDPE/LLDPE blends or HDPE/mLLDPE blends under
certain conditions [70,145,564,602-610]. Other blends of mLLDPE and HDPE are
reported to be homogeneous with miscibility observed in the melt and solid states
[553,597,598,611-614]. For blends of HDPE with ULDPE, however, miscibility or
partial miscibility is observed only at low levels of ULDPE in the blend [27]. For
blends of mLLDPE with metallocene-catalyzed HDPE, complete miscibility in the
melt and crystalline states is reported [615,616]. When studied by dynamic
mechanical analysis, certain HDPE/LLDPE blends show single composition-
dependant peaks suggesting miscibility in both the amorphous and crystalline
phases [204]. The morphology of HDPE/LLDPE (C8) blends prepared using a rell
mill, a twin-screw extruder, and by solution precipitation, show that the method of
melt blending results in a more morphologically uniform blend whereas the solution
blended product is less homogeneous [322]. The resulting morphology of HDPE/
LLDPE blends can be revealed by a two-step etching procedure using potassium
permanganate to reveal the locations of the components in the superstructures of the

crystalline material [617].

The observed compatibility of HDPE/LLDPE blends determined by thermal analysis
is often confirmed by invariable or superior physicomechanical properties [583,588,
594,598,618-620] and improved processability [621]. The tensile properties of
HDPE/LLDPE blends are shown to vary significantly from the rule of mixtures,
particularly when the ratio of levels of HDPE to LLDPE approaches 1 to 1 [589].
This is also the case for the flexural and impact properties of HDPE/LLDPE blends
and is attributed to the composition of the amorphous phase of the blend [622]. The
use of dynamic packing injection moulding enables the control of the molecular

orientation of HDPE/LLDPE blends resulting in materials with high stiffness and
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high toughness [623]. The resistance to slow crack growth (SCG) of HDPE/LLDPE
blends can increase significantly with levels greater than 30%-50% (w/w) LLDPE in
the blend [624,625]. Furthermore, increasing the LLDPE content has a greater
effect on SCG of HDPE/LLDPE blends than morphology or temperature [626]. The
resulting crystallinity, crystal thickness, and the crystal network of HDPE/LLDPE
blends all contribute to the resistance to SCG the blends [627]. Toughness
enhancements can be achieved by the addition of ca. 10% LLDPE to HDPE
although the tensile properties are relatively unaffected at these levels of LLDPE in
the blends [628]. In blends of film-grade mLLDPE/HDPE, the addition of ca. 25%
mLLDPE improves the tear resistance and film stiffness compared with films made
entirely from HDPE [31]. The use of mLLDPE in biends with flame retardant
HDPE can result in improved flow and impact resistance compared to blends using

conventional LLDPE [629,630].

Properties of UHMWPE Blends

Blending other polyolefins with UHMWPE is often aimed at improving the
processability of UHMWPE [631]. As a minor blend component, however, the
addition of up to 10% (w/w) UHMWPE to LDPE can improve the elongation flow
and birefringence of LDPE/UHMWPE blends [632]. Gel film blends of UHMWPE
with a low molecular weight polyethylene (LMWPE) have improved critical draw
ratio as a result of the addition of LMWPE and further improvements are observed
with a LMWPE that contains shorter branches [97,633-643]. Although co-cryst-
allization is observed over the composition range, the mechanical properties of
HDPE/UHMWPE blends diminish and the rate of oxidative degradation increases
with increasing UHMWPE content in the blend [22]. Other blends of UHMWPE
and HDPE or medium-density polyethylene exhibit segregated crystallization and
melting regardless of blend composition [644-649] although miscibility or partial
miscibility in the molten state can be occur in some blends with HDPE [94,650,651].
The addition of UHMWPE to HDPE is shown to increase the resistance to SCG

[648] although the yield strength is shown to decrease [22]. Melt miscibility can
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occur between blends of UHMWPE and LLDPE providing the blends are prepared
by sequential loading [59]. Blending UHMWPE with LLDPE can increase the
crystallization rate of LLDPE and such blends show high interfacial adhesion
between the blend components [652]. Ultra high molecular weight linear
polyethylene (UHMWLPE) is also inherently difficult to process due to its high melt
viscosity. Blending UHMWLPE and conventional linear PE can result in superior

mechanical properties, improved processability and enhanced crystallinity [21].

2.4.4 Blends Involving LDPE, LLDPE and mLLDPE

Blending conventional LLDPE with LDPE can result in the production of materials
that have significantly better properties than those made ot LDPE alone [59,68,95,
198,224,228,364,365,374,653-657]. Such blends are commonly produced in order
to obtain film products with high impact strength, optical clanty, good
“shrinkability” or a combination of these attributes. The ability of LLDPE to
enhance the properties of film blends is arguably a result of the SCB and SCB

distribution of the LLDPE component.

Properties of mLLDPE/LLDPE Blends

Although conventional LLDPE is often used as a component in LDPE film blends,
films made entirely from LLDPE are becoming increasingly popular [17,84,
370,658-665]. The production of LLDPE film using conventional film blowing
equipment, however, is often difficult due to the processability ot LLDPE [380,666-
668] and can result in poor optical properties rendering such films unsuitable tor
certain applications [17]. Film-grade mLLDPEs are generally easier to process than
typical LLDPEs in conventional equipment with the added benefit of some
improved physicomechanical and optical properties in the resulting films [380,667].
Blending mLLDPE and LLDPE with different comonomer types and contents can
sometimes result in phase separation [669,670] and a subsequent detriment to some

of the mechanical properties [671]. Indeed, binary blends of mLLDPEs can exhibit
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LLPS that is affected primarily by branch content and to a lesser extent, branch
type [672].

Properties of LDPE/LLDPE and LDPE/mLLDPE Blends

Blending conventional LLDPE with LDPE is widely established as a means to
significantly improve various properties of LDPE [225,226,365,374,618,656,657,
666,673-680] and the commercial importance of LDPE/LLDPE film blends is well
recognized [59,68,95,228,364,365,374,653-655,666]. The melt behaviour of LDPE/
LLDPE blends, in particular, has received significant attention in the literature [63,
64,68,95,195,196,198-201,203,204,221-224,227,229,231,368,681-695]. The phen-
omenon of LLPS is observed for some LDPE/LLDPE blends with two crystal
populations observed by DSC and transmission electron microscopy for most blend
compositions [202]. Other LDPE/LLDPE blends have been found to be miscible in
the melt and do not segregate into separate phases provided they are cooled quickly
from the melt [228-230]. The slow cooling of molten LDPE/LLDPE biends,
however, can result in the formation of independent crystalline phases that can be
associated with the two constituent polymers [68,95,231]. It has been suggested that
the addition of HDPE to immiscible LDPE/LLDPE blends can induce full
miscibility in the resulting ternary blend [696].

Due to the inherent difficulties encountered during the processing of conventional
LLDPE [364,371,372,680], LDPE/LLDPE blends typically require modified
processing or extrusion conditions [373]. The elongational viscosity of LDPE/
LLDPE blends has been shown to vary in proportion to the LDPE content and this is
an important factor when modelling processes such as blow moulding and film
blowing [654]. The melt tension and subsequent film bubble stability during tubular
extrusion blowing of LDPE are significantly improved by the addition of LLDPE
[59,95,225,374,655,677,686, 697-699]. Furthermore, blending LLDPE with LDPE
can result in significant improvements in toughness, impact strength, optical clarity,
environmental stress-cracking resistance as well as resistance to thermal embrittle-

ment and increased tear resistance [365,679].
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If mLLDPE 1is used as a replacement for conventional LLDPE in a blend with
LDPE, the improvements in the final film product are often more pronounced
[380,612,615,700-702] which may be a result of the improved miscibility of the
blend components [684]. In addition to the improved physicomechanical properties,
the processability of mLLDPE blends with LDPE is significantly better than that of
conventional LLDPE blends with LDPE [380,700,703,704]. The resulting misci-
bility of certain LDPE/mLLDPE blends, however, depends on the molecular weight
of the mLLDPE component and is apparently not affected by the length of the SCB
[230,705] although the distribution of SCB is reported to influence miscibility to

some extent [706].

Downgauging LDPE/mLLDPE Film Blends

Reducing the gauge or thickness of a polymer film while maintaining or improving
key performance properties can be both environmentally and economically
beneficial [364]. For LLDPE and LDPE resins with the same melt flow index,
LLDPE is inherently tougher than LDPE and therefore thinner tilms of LLDPE can
have equivalent mechanical properties to thicker LDPE films [17,371]. A study of
blends of mLLDPE with a typical film-grade HDPE [707] has shown that
downgauged films can be formulated with properties similar to conventional films
where film toughness and stiffness is maintained. [n a commercial example of
downgauging, the addition of up to 30% (w/w) mLLDPE to LDPE in the production

of plastic bags can result in thinner film gauges and stronger final products [708].

The Future of Polymer Blends

Clearly there is extensive literature available relating to polyolefin blends and PE
blends in particular. Due to the relatively new development of mPEs and other
metallocene-catalyzed polymers, there exists a wide-ranging scope for the study of
blends involving these polymers. The possibilities of developing new polymer
materials based on blends of mPEs with other polymers, new or recycled, are

extensive and relatively unexplored at present.
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Chapter 3 Materials and Methods

3.1 Polymers Used for Blending

The resins used to prepare the blends studied are commercially available PE resins
provided by Qenos (formerly Kemcbr Australia Limited) and ExxonMobil. The
blend systems studied are designated Bl through B6. The characteristics of the
polymers used in the B1 blends are shown in Table 3.1 and those of the polymers
used in the B2 through B6 blends are shown in Table 3.2. The specific systems of

blends that were studied are defined in Table 3.3.

3.2 Blend Preparation or Extrusion

3.2.1 Blends Involving LDPE1 and LLDPE1 through LLDPES (B1 Blends)

Blends of LLDPEI through LLDPES with LDPE1 were prepared by melt mixing the
polymers in a Brabender Plasticorder mixer (model PLV151) at a temperature of

160°C for 5 min using a mixing speed of 60 rpm.

3.2.2 Blends Involving LDPE2, LDPE3 and mLLDPE1 (B2 Blends)

Blends containing 10%, 20%, 50%, 75% and 90% (w/w) mLLDPE1 with LDPE2 or
LDPE3 were prepared by dry blending the polymers for 15 min. Each blend was
then compounded in a Gonninan twin-screw extruder using an average screw speed
of 75 rpm. The average extruder temperature profile was 180°C, 190°C, 210°C, and
240°C for the feed zone, compression zone, metering zone, and die zone
respectively. The extrudate was immediately cooled to room temperature in a water
bath, dried and pelletized. A sample of each compounded blend was collected for
film extrusion and physical property measurements. Each of the compounded
blends, as well as each of the respective resins, was blown into a film using a
Glouchester film extruder. The screw speed used in the production of each film was
90 rpm except for those comprising 50%, 75%, 90% and 100% (w/w) mLLDPEI,

where the speed was 50 rpm to account for the increased viscosity of these melts.
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The die gap for each film was 1 mm except for the 50%, 75%, 90% and 100% (w/w)
mLLDPE]1 films, which was 2 mm.

3.2.3 Blends Involving LDPE2, LLDPE6 and mLLDPE2 (B3 Blends)

Blends of LLDPE6 or mLLDPE2 with LDPE2 were prepared by dry blending the
polymers for 15 min. A sample of each of the dry blends was collected for physical
property measurements and processed by melt compounding in a Wemner and
Pfliederer twin-screw extruder using an average screw speed of 120 rpm. The
average extruder temperature profile was 170°C, 180°C, 190°C, and 200°C for the
teed zone, compression zone, metering zone, and die zone respectively. The
extrudate was immediately cooled to room temperature in a water bath, dried and
pelletized. Each of the blends containing 5%, 10%, 15%, 20%, 30%, 40%, 70% and
85% (w/w), as well as each of the respective resins, was blown into film of 80 pm
thickness using a Glouchester film extruder. The blends comprising 20%, 30% and
40% (w/w) LLDPE6 or mLLDPE2 with LDPE2 were also blown into film of 60 pm
and 100 um thickness using the same Glouchester film extruder. The screw speed
used in the production of each film was 90 rpm except for those comprising 70%,
85% and 100% (w/w) mLLDPE2, where the speed was reduced to 50 rpm to
accommodate the increased viscosity of the melts. The die gap for each film was

1 mm except for the 70%, 85% and 100% (w/w) mLLDPE2 films, which was 2 mm.

3.2.4 Blends Involving LLDPE6 and mLLDPE2 (B4 Blends)

Blends containing 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% (w/w)
mLLDPE2 with LLDPEG6 were prepared by dry blending the polymers for 15 min.
A sample of each of the dry blends was collected for physical property
measurements and processed by melt compounding in a Werner and Pfliederer twin-
screw extruder using an average screw speed of 120 rpm. The average extruder
temperature profile was 150°C, 160°C, 180°C, and 190°C for the feed zone,

compression zone, metering zone, and die zone respectively. The extrudate was
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immediately cooled to room temperature in a water bath, dried and pelletized. Each
of the blends containing 10%, 30%, 50%, 70% and 90% (w/w) mLLDPE2 with
LLDPEG6, as well as each of the respective resins, was blown into film of 80 um
thickness using a Glouchester film extruder. The screw speed used in the production
of each film was 90 rpm except for those comprising 50%, 70%, 90% and 100%
(w/w) mLLDPE2, where the speed was reduced to 50 rpm to accommodate the
increased viscosity of the melts. The die gap for each film was 1 mm except for the

50%, 70%, 90% and 100% (w/w) mLLDPE2 films, which was 2 mm.

3.2.5 Blends Involving LDPE4, mLLDPE3 and mLLDPE4 (B5 Blends)

Blends of LDPE4 with mLLDPE3 or mLLDPE4 were dry blended for 5 min prior to
processing by melt compounding the polymers in a Werner and Pfliederer twin-
screw extruder using an average screw speed of 140 rpm. The average extruder
temperature profile was 100°C, 110°C, 120°C, and 130°C for the feed zone,
compression zone, metering zone, and die zone respectively. The extrudate was
cooled to room temperature in a water bath, dried and pelletized. Each blend was
compression moulded to a thickness of 2 mm in accordance with ASTM Method
D 1928 at a temperature of 150°C and then cooled to room temperature at a rate of

15°C min™'.

3.2.6 Blends Involving HDPE1, HDPE2 and mLLDPES (B6 Blends)

Blends of mLLDPES with HDPE1 or HDPE2 were dry blended for 5 min pror to
processing by melt compounding the polymers in a Werner and Pfliederer twin-
screw extruder using an average screw speed of 120 rpm. The average extruder
temperature profile was 150°C, 170°C, 180°C, and 190°C for the feed zone,
compression zone, metering zone, and die zone respectively. The extrudate was
cooled to room temperature in a water bath, dried and pelletized. Each blend was
compression moulded to a thickness of 2 mm in accordance with ASTM Method
D 1928 at a temperature of 180°C. The blends were either quench-cooled or cooled

to room temperature at a rate of 15°C min™".
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3.3 Polymer and Blend Characterization

A list of the ASTM Methods used in the tests is given in Appendix 1.

3.3.1 Melt Flow Index and Density

The melt flow index (MFI) of each polymer or blend was measured using a
Davenport melt rheometer in accordance with ASTM Method D 1238 using a load
of 2.16 kg or 21.6 kg, at a melt temperature of 190°C. The density of each polymer
and blend was measured in accordance with ASTM Method D 1505 or ASTM
Method D 792.

3.3.2 Gel Permeation Chromatography

The molecular weight distribution of each polymer used in the B2 through B6 blend
systems was obtained using a Waters Alliance GPCV 2000 Series gel permeation
chromatography system which was connected to a differential refractive index
detector and a multi-capillary viscometry detector. A series of three Styragel
columns were used and the instrument was calibrated using polystyrene standards.
The elution solvent was 1,2,4-trichlorobenzene and a column temperature of 140°C

and flow rate of 1.0 cm® min™' were used.

3.3.3 Level of Phenolic Antioxidants

With the exception of the LDPE matenals, the resins contain chemically equivalent,
commercial phenolic AOs. None of the resins contain any other additives. The
concentration of phenolic AO in the polymer resins used in the B3 through B6 blend
systems was measured using ASTM Methods D 5815, D 1996 and D 5524.

3.3.4 Standard Thermal Analysis by DSC

The melting behaviour of the B2 through B6 blend systems was investigated using

DSC. For all DSC measurements, nitrogen was used as the purge gas and an empty
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aluminium pan was used as a reference. The instrument was calibrated using indium

and zinc standards.

Sample Preparation for Standard Thermal Analysis

Plaques (100 um thickness) of each of the blends were prepared by compression
moulding at 180°C and 0.5 MPa and were immediately quench-cooled to room

temperature.

Melting Temperature and Percent Crystallinity

The percentage of crystallinity and peak melting temperature of each polymer resin
used in each blend system was determined using a Perkin-Elmer DSC-7 differential
scanning calorimeter in accordance with ASTM Method D3417. A sample of the
polymer (ca. 15 mg) was sealed in an aluminium pan and heated in the instrument at

a rate of 10°C min™' over the temperature range of 50°C to 180°C.

Melting and Crystallization Behaviour of the Blends

The melting and crystallization behaviour of each blend was determined using DSC.
A sample (ca. 15 mg) of each blend was sealed in an aluminium pan and heated or
cooled in the instrument at a rate of 10°C min™ over the temperature range of 50°C

to 180°C to record the melting or crystallization thermogram.

3.3.5 Thermal Characterization by DSC

A two-step isothermal annealing (TS1A) procedure was developed for the thermal

characterization of the B1 blends.

Sample Preparation for TSIA Experiments

Plaques (400 pm thickness) of the blends were prepared by compression moulding

at 180°C and 150 MPa and were immediately quench-cooled to room temperature.
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Samples (ca. 5 mg) were punched from the plaques and sealed in aluminium pans in
preparation for heat treatment and/or thermal analysis. Prior to the determination of
its crystalline melting temperature, each sample was annealed for 1 min at 180°C

and cooled to room temperature at 10°C min™' on a Mettler FP2 hot stage.

Measurement of Melting Temperatures for TSIA

Thermograms of the B1 blends were obtained using DSC on a Perkin-Elmer DSC-7
instrument. Nitrogen was used as the purge gas and an empty aluminium pan was
used as a reference. The instrument was calibrated using an indium standard.
During each run the samples were heated from 50°C to 150°C at the rate of
10°C min"'. The crystalline melting temperature of each polymer was determined
from the temperature axis on its thermogram and these temperatures were used in

programming the TSIA processes for the blends.

Two-Step Isothermal Annealing

The optimized TSIA process for the Bl blends involved heating each blend to
180°C on a Mettler FP2 hot stage, maintaining this temperature for approximately
| min, and then cooling at the rate of 2°C min" to the temperature of the first
crystallization minimum. The sample was held at this temperature for 2 h, after
which it was cooled at the rate of 2°C min™ to the second minimum where it was

held for 4 h and then cooled to 20°C at the rate of 10°C min’".

3.3.6 Fourier-Transform Infrared Spectroscopy Measurement

Plaques (100 pm thickness) of the B2, B3, B5 and B6 blends were prepared by
compression moulding at 180°C and 0.5 MPa and were immediately quench-cooled
to room temperature. The FT-IR spectra were recorded using a Bruker model

Vector 22 FT-IR spectrophotometer (32 scans at a resolution of 2.0 cm™).
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3.3.7 Chemiluminescence Measurements

Chemiluminescence data were obtained for each of the B3 through B6 blends.

Sample Preparation for CL Experiments

Plaques (100 pm thickness) of each of the blends were prepared by compression
moulding at 180°C and 0.5 MPa and were immediately quench-cooled to room

temperature.

Chemiluminescence Recorded by Photon Counting

Two different photon-counting apparatus were used to collect the CL data. Each
instrument contained a quartz-fronted bialkali cathode photomultiplier tube (Thom-
EMI, model 9813-QB) coupled to a single-gated photon counter (Stanford Research
Systems, model SR400). The signal-to-noise ratio was maintained at a high level by
cooling the photocathode to -20°C during the experiments. In one of the instruments
(CL instrument #1) a Eurotherm model 2416 controller was used to maintain the
sample at a constant temperature. In the other instrument (CL instrument #2) the
specimen was contained in the sample compartment of a Mettler model 821° DSC.
All CL experiments were carried out at 170°C in an oxygen atmosphere (1 bar, flow

rate of 100 mL min'l).

Chemiluminescence Recorded by Imaging

The CL of the oxidizing polymer was recorded using a charge coupled device
(CCD) camera (Astrocam, TE3/W/S) and the sample was oxidized on the
temperature controlled hot-stage of a DSC instrument (Mettler, DSC821°) that could
be connected to either oxygen or a nitrogen supply. The CCD chip of the camera

was maintained at -40°C during the experiments.

Second Time Derivative Analysis of CL Data

All raw CL data obtained were subjected to second time derivative (STD) analysis

[330] in order to derive accurate values of the CL-Olt and CLI-Olt.
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3.4 Physicomechanical Property Measurement

The mechanical properties of the B2 through B4 blends were measured on film
samples whereas those of the B5 and B6 blends were determined using pressed
plaques. Tensile strength and tear strength tests were performed in both the machine

direction (MD) and transverse direction (TD) for each sample of film.

3.4.1 Mechanical Properties of Plaqued Blends

Tensile testing of the BS and B6 blends was performed in accordance with ASTM
Method D 638 using a crosshead speed of 500 mm min™ or 50 mm min™ and a
sampling rate of 10 points s'. The impact properties of the BS blends were
measured using an instrumented impact tester in accordance with ASTM Method
D 3763 at room temperature and at -20°C. The [zod pendulum impact strength

testing of the B6 blends was performed in accordance with ASTM Method D 256.

3.4.2 Mechanical and Optical Properties of Film Samples

Tensile testing of the B2 through B4 film samples was performed using an [nstron
tensile testing machine in accordance with ASTM Method D 882. A crosshead
speed of 500 mm min" and a sampling rate of 10 points s' were used. The dart
impact resistance was determined using a free-falling dart impact tester in
accordance with ASTM Method D 1709. The tear resistance measurements were
conducted using an Elmendorf tear strength tester in accordance with ASTM
Method D 1922. The percent haze of each film sample was measured in accordance
with ASTM Method D 1003 using a Gardner haze meter and the percent gloss of
each sample was measured in accordance with ASTM Method D 2457 using a

Pacific Scientific Glossgard 11 45° gloss meter.
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Chapter 4 Results and Discussion

This chapter examines the results of the analyses of various polymer blends
containing conventional and metallocene-catalyzed PEs. The use of new DSC,
FT-IR spectroscopic and CL analytical techniques for the characterization of the
blends 1s explored. The physicomechanical and optical properties (for film sam-
ples) of the blends involving metallocene-catalyzed PEs are investigated in order

to identify any blends that have optimum and desirable properties.

4.1 Blend Characterization by DSC

[n this section, the use of a relatively quick and simplified form of multi-step
crystallization-fractionation, namely a two-step isothermal annealing (TSIA)
procedure is developed and investigated. The ability of this method to resolve the
LDPE and LLDPE exothermic peaks satisfactorily is examined and the profile of

the LLDPE component is characterized.

4.1.1 Thermal Analysis Before and After TSIA Treatment

Figure 4.1 shows DSC thermograms for blends of LDPE1 with ethyl-branched C4
LLDPEI over the composition range of 0%, 5%, 25%, 30%, 60%, and 100%
(w/w) LLDPEL, prior to the TSIA treatment. For the 100% LDPEI and the blend
containing 5% (w/w) LLDPEI, each DSC trace is comprised of a single, broad
thermogram with a peak melting temperature ca. 110°C.  The DSC traces of the
remaining blends comprise two main peaks with the peak at the lower melting
temperature due to the LDPE1 component whilst the peak at the higher melting
temperature is associated with LLDPE1. Blends containing 25% and 30% (w/w)
show the presence of a shoulder on the LLDPE1 peak that suggests the presence
of a third crystalline phase [207,220]. The position of the LLDPE peak on the
temperature axis increases with increasing LLDPE content in the blend whereas
the position of the LDPE1 peak remains relatively constant for each blend. This
increase in the peak melting temperature of LLDPE1 may be due to increased

disruption of the LLDPE crystalline structure caused by the presence of the
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LDPE1 component [68,198]. The peak melting temperature for 100% LLDPE1
was found to be 121.5°C which is in good agreement with the literature value of

121°C obtained by Haghighat and Birley [220].

a)

b)

heat flow (endotherm) —

f)

60 80 100 120 140
temperature / °C

Figure 4.1. DSC melting thermograms of LDPEI/LLDPE!
blends containing: (a) 0%, (b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE] prior to the TSIA procedure. Blend compo-
sitions are (w/w).

The DSC thermograms for blends of LDPE1 with LLDPE] after TSIA treatment
and over the same composition range as in Figure 4.1 are shown in Figure 4.2.
The thermogram of the 100% LDPE! is comprised of a single peak, as expected,
with a peak melting temperature ca. 110°C while the blend containing 5% (w/w)
LLDPEI shows an additional small peak. The thermograms of the remaining
blends and the 100% LLDPE! are each comprised of three main peaks. In each
case, the peaks associated with the LDPE! and LLDPE] components are better
resolved than the corresponding peaks in Figure 4.1. The higher melting peak in
Figure 4.2 occurs at ca. 127°C which is about 5°C higher than the peak melting
temperature of 100% LLDPE] prior to the TSIA treatment. This temperature is
also approximately 10°C less than a typical unbranched HDPE suggesting that the
TSIA treatment results in the segregation of a phase that has a lower branch
density than the corresponding material in Figure 4.1 that produced the highest

melting range peak [209,216].
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heat flow (endotherm) —

60 80 100 120 140
temperature / °C

Figure 4.2. DSC melting thermograms of LDPE}/LLDPEI
blends containing: (a) 0%, (b) 5%, (c) 25%, (d) 30%, (e) 60% and
(£) 100% LLDPEL1 after the TSIA procedure. Blend compositions
are (w/w).

The DSC thermograms for blends of LDPE1 with butyl-branched C6 LLDPE2
over the composition range of 0%, 5%, 25%, 30%, 60%, and 100% (w/w)
LLDPE2, prior to the TSIA treatment, are shown in Figure 4.3. The blends
containing 25% and 30% (w/w) LLDPE2 are comprised of two peaks whereas
each of the other thermograms is comprised of a single peak. Figure 4.4 shows
the DSC thermograms for the same blends after the TSIA treatment at the same
compositions as shown in Figure 4.3. The thermogram of the 100% LDPEI is
comprised of a single peak while the blend containing 5% (w/w) LLDPE2 1s
comprised of two peaks. The thermograms of the remaining blends and the 100%
LLDPE?2 are also comprised of three peaks. The lower melting peak corresponds
to the 100% LDPE] component with a relatively consistent peak temperature of
ca. 110°C. The second melting peak corresponds to the 100% LLDPE2 compo-
nent with a peak temperature ranging between 122°C and 124°C.. The higher
melting peak ranges between 128°C and 131°C, which is approximately 5°C
higher than that of the 100% LLDPE2 after standard annealing. This may be
attributed to an enhanced crystalline perfection at the lamellar surface resulting
from a lower branch density [208,214,216]. Thermograms before and after the
TSIA procedure for the remaining C6 LLDPE3 and C6 LLDPE4 blends behave
similarly to the blends shown in Figure 4.3 and Figure 4.4 (see Appendix 2).
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heat flow (endotherm) —

Figure 4.3.

Am
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temperature / °C

DSC melting thermograms of LDPEI/LLDPE2

blends containing: (a) 0%, (b) 5%, (¢) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE2 prior to the TSIA procedure. Blend compo-

sitions are (w/w).

heat flow (endotherm) —

Figure 4.4,

60

80

100 120 140
temperature / °C

DSC melting thermograms of LDPEI/LLDPE2

blends containing: (a) 0%, (b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE? after the TSIA procedure. Blend compositions

are (w/w).

Figure 4.5 shows DSC thermograms for blends of LDPE] with hexyl-branched
C8 LLDPES over the composition range of 0%, 5%, 25%, 30%, 60%, and 100%
(w/w) LLDPES, prior to the TSIA treatment. Other than the 100% LDPE] and
the blend containing 5% (w/w) LLDPES5, the thermogram of each blend is broad

and comprised of two or more peaks that are poorly resolved. The thermograms
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of the same blends after the TSIA treatment are shown in Figure 4.6. It appears
that the LDPE component is effectively segregated from the LLDPE component
as a result of the TSIA process. The peak melting temperature for 100% LLDPES
was found to be 121.8°C before TSIA and 122.6°C and 124.6°C after TSIA,
which 1s in good agreement with the value of 124.3°C obtained by Starck [210].
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Figure 4.5. DSC melting thermograms of LDPEI/LLDPES
blends containing: (a) 0%, (b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPES prior to the TSIA procedure. Blend compo-
sitions are (w/w).
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Figure 4.6. DSC melting thermograms of LDPEI/LLDPES
blends containing: (a) 0%, (b) 5%, (c) 25%, (d) 30%, (e) 60% and
() 100% LLDPES after the TSIA procedure. Blend compositions
are (w/w).
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4.1.2  Crystallization and Melting Temperatures

The DSC crystallization thermograms of LDPEI/LLDPEl blends over the
composition range of 0%, 5%, 25%, 30%, 60%, and 100% (w/w) LLDPEI are
presented in Figure 4.7. In each case, a single crystallization peak is observed
suggesting that the LDPE and LLDPE crystal species are either co-crystallizing or
crystallizing separately but over a similar temperature range. The crystallization
thermograms for the remaining blends are presented in Appendix 2. The peak
crystallization temperature as a function of composition for each blend is shown
in Figure 4.8. For each of the three systems of C6 LLDPE blends, two
crystallization peaks are observed whereas the C4 and C8 LLDPE blends show
only a single peak. This suggests that during the crystallization process, the
blends containing C6 LLDPE exclude the LDPE component during crystallization
[68,95,202,228].
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Figure 4.7. DSC crystallization thermograms of LDPEI/LLD-
PE1 blends containing: (a) 0%, (b) 5%, (¢) 25%, (d) 30%, (e) 60%
and (f) 100% LLDPE1. Blend compositions are (w/w).

The peak melting temperatures as a function of composition for the C4 LLDPEI
and C6 LLDPE?2 blends before and after the TSIA treatment are shown respect-
tively in Figure 4.9 and Figure 4.10. Similar plots for the remaining C6 LLDPE3
and LLDPE4 blends were obtained (see Appendix 2). In all cases, only two
melting peaks are evident before the TSIA treatment, whereas three peaks are
observed after the TSIA treatment. This suggests that the TSIA procedure can be
used to deconvolute the LDPE1 and LLDPE peaks in blends where there is a

significant overlap or a single peak is present. The trend in the peak melting
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temperatures for the C6 LLDPE blends reflects the trend in the densities of these

resins with the resin of highest density and concomitantly the highest crystallinity,

having the highest peak melting temperature in the composition range.
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Figure 4.8. Peak crystallization temperature versus composition
for: (a) LDPEI/LLDPE! blends, (b) LDPEI/LLDPE2 blends,

(c) LDPEI/LLDPE3 blends, (d) LDPEI/LLDPE4 blends and
(e) LDPEI/LLDPES blends where: (o) LLDPE and (e) LDPEIL.
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Figure 4.9. Peak melting temperature versus composition for the
LDPEI/LLDPEI1 blends: (a) before the TSIA treatment and
(b) after the TSIA treatment: (o) LDPEI, (o) LLDPEI peak 1 and
(w) LLDPEI peak 2.
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Figure 4.10. Peak melting temperature versus composition for
the LDPE1/LLDPE2 blends: (a) before the TSIA treatment and
(b) after the TSIA treatment: () LDPEI, (o) LLDPE2 peak 1 and

(m) LLDPE? peak 2.
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Figure 4.11 shows the peak melting temperature as a function of composition for

the C8 LLDPES blends before and after the TSTA treatiment.

The C8 LLDPE and

C4 LLDPE blends show consistently lower peak melting temperatures than those

of the C6 LLDPE blends over the range of blends examined. These observations

suggest that the peak melting temperature of LLDPE is a maximum when the

polymer contains butyl branching which is consistent with the notion that the C6
LLDPE blends contain thicker lamellae [214,235,256].
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Figure 4.11. Peak melting temperature versus composition for
the LDPEI/LLDPES blends: (a) before the TSIA treatment and
(b) after the TSIA treatment: (o) LDPEI, (o) LLDPES peak I and

(w) LLDPES peak 2.
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4.1.3 Integrated Area Analysis

Figure 4.12 shows the integrated area of the LLDPE component versus
composition for the C4 LLDPE1 blends before and after the TSIA treatment.
Plots of the integrated area versus composition before and after the TSIA
treatment for the C6 LLDPE2 and C8 LLDPES blends are shown in Figure 4.13
and Figure 4.14 respectively. Similar plots were obtained for the remaining C6
LLDPE3 and C6 LLDPE4 blends (see Appendix 2).
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% (w/w) LLDPE1
Figure 4.12. Integrated area under the LLDPE peak versus

composition for the LDPEI/LLDPEI blends: () before the TSIA
treatment and (o) after the TSIA treatment.
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Figure 4.13. Integrated area under the LLDPE peak versus
composition for the LDPEI/LLDPE2 blends: (e) before the TSIA
treatment and (o) after the TSIA treatment.

Linear regression analyses were performed for all blends and gradients, intercepts
and correlation coefficients are reported in Table 4.1. Generally good linear
relationships were obtained for each blend system both before and after TSIA as

revealed by the regression coefficients obtained in these analyses.

48



Chapter 4

w 5 O
o O o

101

LLDPE peak area/J g
N
(@]

o

0 20 40 60 80 100
% (w/w) LLDPES

Figure 4.14. Integrated area under the LLDPE peak versus
composition for the LDPE1/LLDPES blends: (e) before the TSIA
treatment and (o) after the TSTA treatment.

It 1s evident from Figure 4.12 to Figure 4.14 and the data in Table 4.1 that the
TSIA procedure effectively increases the gradient of the plot in each case. This
thereby increases the analytical sensitivity if such a plot were to be used as a
calibration for an analytical method to determine the composition of a blend. The
sensitivity as reflected by the gradients is increased by a factor of between 18%
and 114%. Furthermore, it is interesting to note that the intercepts are reduced by
a factor between 30% and 124% as a result of TSIA. This confirms that the
thermal treatment is effective at segregating the components of the blend and
further suggests that a time of annealing between 2 and 4 h 1s sufficient to obtain
satisfactory resolution. This result contrasts with the longer annealing times

suggested by other workers [191,215,242,252].

Table 4.1. Regression coefficients for peak area line of best fit calculations
before and after TSIA treatment.

Before TSIA treatment After TSIA treatment
Blend gradient intercept r? gradient intercept r’
LDPE1/LLDPE] 0.4035 8.8116 0.995 0.5601  -2.1157 0.988
LDPEI/LLDPE2 0.5774 11.83 0.9922 0.8159 1.9022 0.9809

LDPEV/LLDPE3 0.5567 9.2074 0.9914 0.7711 6.3567 0.9775
LDPEV/LLDPE4 0.4835 8.8849 0.9773 0.5691 1.3742 0.9833
LDPEI/LLDPES 0.2278  12.364 0.9304 0.4885 2.2044 0.9842
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4.2 Blend Characterization by FT-IR Spectroscopy

A more rapid technique of polymer or blend characterization which often
accompanies DSC 1s the analysis by IR spectroscopy which can be qualitative,
quantitative or both. The quantitative analysis of polymer blends by IR
spectroscopy usually involves non-linear relationships based on the ratio of two
peaks in the same spectrum and is ideally suited to the analysis of polymers that
have fundamental structural differences. In Section 2.2, equation (2.1) was
introduced which relates the ratio of the IR absorbances to the mass fractions of

the blend components.

Although this equation is clearly non-linear, for a PE blend system where
component 1 absorbs strongly at frequency a, and both components absorb at

frequency b, K, = Ky, and equation (2.1) becomes:

a

A, K,,

i — KZu + (Klu _KZH)/'ZI

(4.1)

Here the ratio A4/Ap is a linear function of ;. Clearly, b 1s a frequency that is
common to both polymers in the blend and not a particular moiety related to one

of the components only, such as a SCB.

It is apparent that the merit of the derived equation (4.1) lies in its propensity to be
applied to the analysis of polymer blends whose absorption properties have been
previously calibrated. In order to establish equation (4.1) as one that can be used
in routine polymer analysis, a number of polyethylene blends were analyzed by
FT-IR spectroscopy and the applicability of this equation investigated. The

results of the investigation are reported in this section.

4.2.1 Optimizing Spectral Analysis Parameters

Table 4.2 shows the linear regression coefficients obtained by plotting, for various
combinations of wavenumbers a and b, the absorbance ratio 4./4y (where 4, and
Ay are the absorbances at wavenumbers a and b respectively) versus the blend
composition. Clearly, in Table 4.2 the value of 4, remains constant for each given

blend system and corresponds to that of the comonomer in the system.
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The regression coefficients can be used to identify optimum wavenumbers such that
there is a high degree of linearity between the ratio 4,/4, and the composition of the
blend. It is also apparent from the data that certain combinations of wavenumbers
are more appropriate for the analysis of particular blend systems. For example, the
absorbance peak Aggg (terminal vinyl branching) [293] is suitable for use as the 4y
peak for the HDPE blends but not for any of the LDPE blends. Some peaks are also
less suitable for selection within blend systems, such as the Aqes absorbance peak,
which is much less suitable for the HDPE1/mLLDPES blends than the HDPE2/
mLLDPES blends. This is possibly due to the different processes used to poly-
merize HDPE1 and HDPE?2 (see Table 3.2) [293,307].

4.2.2 FT-IR Analysis of Blends Involving LDPE

The FT-IR absorbance spectra for each of the LDPE2, LDPE3 and mLLDPEI film
samples in the regions between 1095-1050 cm’' and 800-755 c¢cm’ are shown in
Figure 4.15. The mLLDPEI polymer is an ethylene-butene copolymer containing
ethy! branches that absorb at 772 cm", whereas the LDPE samples do not absorb
significantly at 772 cm’ [312]. Each of the LDPE2, LDPE3 and mLLDPEI
samples absorbs at 1080 cm’' with a similar absorptivity due to the skeletal C-C

stretching of methylene in the amorphous regions [313]. As confirmed by the data

=0

absorbance
~a

o

'7l‘l'"l""'l""l'
1090 1065 785 760
wavenumber / cm”
Figure 4.15. FT-IR absorbance spectra of the: (o) LDPEZ2,

(®) LDPE3 and (o) mLLDPE! film samples in the regions between
1095-1050 em™ and 800-755 cm™.
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in Table 4.2, the ratio of absorbances at wavenumbers 772 cm™ and 1080 cm’ s
therefore suitable for use in equation (4.1) for the LDPE2/mLLDPE!l and LDPE3/
mLLDPE] blends. Figure 4.16 shows a plot of the absorbance ratio, A772/4 1080,
versus 7 for the LDPE2/mLLDPEI and LDPE3/mLLDPE!] blends. Both the LD-
PE2/mLLDPE] and LDPE3/mLLDPEl data demonstrate good agreement with

equation (4.1) with high regression coefficients (see Table 4.2).

1.901

1.75
2 1,601
<
£ 1.45-
1.301 o

ratio (A
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1.00

00 0.2 04 06 08 1.0
X

Figure 4.16. Absorbance ratio, As:/Ajgg, versus ), for the:
(o) LDPE2/mLLDPEI blends and (o) LDPE3/mLLDPE1 blends.

Figure 4.17 shows the FT-IR absorbance spectra for the LDPE2, LLDPE6 and
mLLDPE2 film samples in the region between 905-875 cm”. The LLDPE6 and
mLLDPE2 polymers are ethylene-hexene copolymers and these contain butyl
branches that absorb at 894 cm™ [195,312,315,316], but do not contain any
significant hexyl branching. The LDPE2 polymer exhibits both LCB and SCB
including pendant methylene branches that absorb at 888 cm” as well as some butyl
branching [314,315,710]. For the LDPE2/LLDPE6 and LDPE2/mLLDPE2 blends,
the ratio Agoa/Asss, is therefore suitable for use in equation (4.1) as confirmed by the
data in Table 4.2. Although these peaks overlap in the blends to some extent, the
fact that peak ratios are measured rather than integrated areas [292,323] effectively
minimizes possible effects of the overlap. A plot of Ago/Asss versus x; for the
LDPE2/LLDPE6 and LDPE2/mLLDPE2 blends is shown in Figure 4.18. The data
for both the LDPE2/LLDPE6 and LDPE2/mLLDPE2 blends show good agreement
with equation (4.1) with linear regression coefficients close to unity (see Table 4.2),

which also suggests that any overlap is negligible.
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absorbance

90 890 880
wavenumber / cm”

Figure 4.17. FT-IR absorbance spectra of the: (o) LDPEZ,
(o) LLDPES6 and () mLLDPE?2 film samples in the region between
905-875 cm™.

00 02 04 06 08 1.0
%

Figure 4.18. Absorbance ratio, Ayy./Agy, VEIsus X, for the:
(o) LDPE2/LLDPES blends and (0) LDPE2/mLLDPE2 blends.

The FT-IR absorbance spectrum for each of the LDPE4, mLLDPE3 and mLLDPE4

film samples in the regions between 1100-1050 cm' and 795-745 cm™ are shown in

Figure 4.19. Both the mLLDPE3 and mLLDPE4 polymers are ethylene-butene

copolymers with significant ethyl SCBs that absorb at 771 cm” [312]. Each of the

LDPE4, mLLDPE3> and mLLDPE4 polymers absorb at 1080 cm’, which can again

be attributed to the skeletal C-C stretching of methylene in the amorphous reg-

ions [313]. In the case of the LDPE4/mLLDPE3 and LDPE4/mLLDPE4 blends, the

ratio of absorbances at wavenumbers 771 cm™ and 1080 cm’ is therefore suitable
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for use in equation (4.1) as confirmed by the data in Table 4.2. Figure 4.20 shows a
plot of the absorbance ratio A77,/4,080 versus 7, for the LDPE4/mLLDPE3 and
LDPE4/mLLDPE4 blends. Both the LDPE4/mLLDPE3 and LDPE4/mLLDPE4

systems show good agreement with equation (4.1) with high regression coefficients.

absorbance

1090 1065 780 755
wavenumber / cm”

Figure 4.19. FT-IR absorbance spectra of the: (o) LDPE4,
(¢) mLLDPE3 and (o) mLLDPE4 film samples in the regions
between 1100-1050 cm™ and 795-745 cm™.

2.151
1.901

1.651

ratio (A,;/A 080

0.90-

00 02 04 0.6 08 1.0
X

Figure 4.20. Absorbance ratio, Asn/Ajos, Versus x, for the:
() LDPE4/mLLDPE3 blends and (o) LDPE4/mLLDPE4 blends.
4.2.3 FT-IR Analysis of Blends Involving HDPE

Figure 4.21 shows the absorbance spectra of the HDPEI, HDPE2, and mLLDPES
film samples in the regions between 1195-1145 cm” and 800-755 cm™.  The poly-
mer mLLDPES is an ethylene-octene copolymer that has significant hexyl SCB with
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an intense peak at 889 cm™ [195,312, 313,324]. Although the HDPEI and HDPE2
polymers also absorb at 889 cm™| these peaks are not attributable to SCB. The peak
at 1176 cm™ is associated with the methylene “wagging” mode of PE [315] and
appears in all three PE samples studied. In the case of the HDPE1/mLLDPES and
HDPE2/mLLDPES blends, and as confirmed by the data in Table 4.2, the ratio of
absorbances at wavenumbers 889 cm” and 1176 cm™ is suitable for use in
equation (4.1). A plot of the absorbance ratio Agge/4117¢ versus ¥ for the HDPE1/
mLLDPES and HDPE2/mLLDPES blends is given in Figure 4.22. Both the
HDPEI/mLLDPES and HDPE2/mLLDPES systems show good agreement with

equation (4.1) with regression coefficients close to unity (see Table 4.2).

absorbance

1185 1160 890 865
wavenumber / cm’”

Figure 4.21. FT-IR absorbance spectra of the: (o) HDPEI,
(e) HDPE2 and (o) mLLDPES film samples in the regions between
1195-1145 cm™ and 905-855 cm™.
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Figure 4.22. Absorbance ratio, Agso/Ajj5 versus %, for the:
(o) HDPE1/mLLDPES blends and (e) HDPE2/mLLDPES blends.
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4.3 Blend Miscibility by CL and DSC Techniques

Differential scanning calorimetry and IR spectroscopy are reliable techniques often
used for the analysis of polymers and polymer blends. Chemiluminescence is a
relatively new technique that may offer new insight into the thermo-oxidative
stability of polyolefins and polyolefin blends [280,327-336]. In this section the
application of CL monitoring techniques to PE blends is examined in order to
identify any possible relationship between CL-Olt data and blend miscibility. An
emphasis 1s placed on mPEs in order to address, in part, the cumrent lack of
published information on such systems. In addition to this, particular attention is
directed to the assertion that any incompatibility reflected in the melt miscibility of a
given blend system is also reflected in the CL behaviour of that system. The relative
stabilities of the pure components as well as the performance of commercial
stabilizers in the blends are also reported along with data obtained from CLI
experiments that enable a preliminary assessment to be made of the reproducibility

of the CL technique.

4.3.1 ldealized Blend Systems

Figure 4.23 shows typical DSC traces for selected blends belonging to the
LDPE2/mLLDPE?2 blends on the first heating after quench-cooling. In each case, a
single endotherm is observed which suggests that the blends are melt miscible and
are compatible on a molecular level [202,579,711]. Similar behaviour is also obser-
ved for blends within the LDPE2/LLDPE6 system (see Appendix 3). As a result,
one may expect that the oxidative stability of the LDPE2/LLDPE6 and
LDPE2/mLLDPE2 blend systems will exhibit idealized behaviour. In each of the
LDPE2/LLDPE6 and LDPE2/mLLDPE?2 blend systems, the LDPE2 component is
unstabilized whereas the LLDPE6 and mLLDPE2 components each contain a
certain level of a phenolic AO (see Table 3.2). Thus the level of AO in these
systems decreases linearly with increasing LDPE2 content. It has been shown that
the Olt varies linearly with phenolic AO content [327] and so in the absence of any
adverse effects caused by blend incompatibility, the stability of the LDPE2/LLDPE6
and LDPE2/mLLDPE2 systems is expected to vary linearly with composition.
Figure 4.24 shows a plot of the CL-OIt versus composition for each of the
LDPE2/LLDPE6 and LDPE2/mLLDPE2 systems. In both cases, the CL-OIt
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decreases linearly with increasing LDPE2 in the blend, confiming idealized
behaviour and suggesting blend compatibility. The data also suggest the oxidative
stability of pure mLLDPE?2 is more than six times greater than that of pure LLDPES,
although the level of AO in mLLDPE?2 is only twice that in LLDPE6. Notwith-
standing the fact that the efficiency of a given stabilizer is dependent on the polymer
matrix in which it is placed, the apparent greater inherent stability of mLLDPE2
may be partly attributable to its more uniform distribution of SCB compared with
that in LLDPES®.

heat flow (endotherm) —

60 80 100 120 140
temperature / °C
Figure 4.23. DSC endotherms of selected LDPE2/mLLDPE2

blends containing: (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 50%,
(f) 70% and (g) 100% mLLDPE2. Blend compositions are (w/w).

400
300+
2001

100+

CL-Olt / min

"0 20 40 60 80 100
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Figure 4.24. CL-OIt versus composition for the: (¢) LDPE2/LLD-

PE6 blends and (o) LDPE2/mLLDPE?2 blends where the data were
obtained from CL instrument #1.
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The stability of commercial LLDPEs is very much affected by the content of the
catalyst residue and the chemical structure of the residue. These are, in turn,
determined by post-polymerization treatment processes such as de-ashing,
neutralization, or the “killing” process. The superior oxidative stability of mLLD-
PE2 observed in this study, can be attributed in part to the “clean” synthesis
involved in its production, which leaves little catalyst residue behind in the
polymer [337]. In polymers produced by the more standard Ziegler-Natta and
Phillips processes these metal residues have been shown to decompose polymer
hydroperoxides catalytically during the low-temperature oxidation of the poly-
olefin [337]. Furthermore, it has been shown that in the absence of AOs, LLDPE is
much more stable than LDPE [327]. The inferior oxidative stability of the LDPE
has been attributed to its irregular, branched structure which gives rise to labile
tertiary hydrogen atoms on its backbone [327]. These have been identified as the
premier site for oxygen addition to polymers leading to hydroperoxide formation

and the subsequent degradation of the polymer [150].

The melting behaviour of each of the quench-cooled LDPE2/LLDPE6 and LDPE2/
mLLDPE2 systems is similar to that observed for the quench-cooled LDPE4/
mLLDPE3 and LDPE4/mLLDPE4 systems in so far as a single melting endotherm
1s obtained on the first heat cycle (see Figure 4.25 and Appendix 3). In these
systems, the LDPE4 component is unstabilized whereas the mLLDPE3 and
mLLDPE4 polymers contain phenolic AOs (see Table 3.2). The level of AO in the
LDPE4/mLLDPE3 and LDPE4/mLLDPE4 blends therefore decreases linearly with
increasing levels of LDPE4. Figure 4.26 shows a plot of the CL-OIt versus the
blend composition for each of the LDPE4/mLLDPE3 and LDPE4/mLLDPE4
systems. In both cases, the CL-Olt decreases linearly with increasing concentration
of LDPE4 in the blend, suggesting that the systems exhibit idealized behaviour and
that each blend is compatible across all compositions. The oxidative stability of
pure mLLDPE3 is approximately twice that of the pure mLLDPE4, although these
materials contain the same level of AO. A distinguishable difference between the
pure resins however is the MW, with the lower MW resin (mnLLDPE4) exhibiting a
lower CL-OIt than the higher MW resin (mLLDPE3). Similarly, the pure LDPE2
and LDPE4 resins have different MWs with the lower MW resin (LDPE4)
exhibiting a slightly lower CL-OIt than LDPE2.
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heat flow (endotherm) —
E

"60 80 100 120 140
temperature / °C
Figure 4.25. DSC endotherms of selected LDPE4/mLLDPE3

blends containing: (a) 0%, (b) 10%, (c) 25%, (d) 35%, (e) 50%,
(f) 75% and (g) 100% mLLDPE3. Blend compositions are (w/w).
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Figure 4.26. CL-OIt versus composition for the: (e) LDPE4/
mLLDPE3 blends and (0) LDPE4/mLLDPE4 blends where the data
were obtained from CL instrument #1.

The LLDPE6/mLLDPE2 system is comprised of polymers that are structurally
similar to each other and should therefore be compatible. Melt compatibility for the
components of the LLDPE6/mLLDPE?2 system is reflected by a single DSC melting
endotherm that is observed for each blend as shown in Figure 4.27. Each of the
resins that comprise the LLDPE6/mLLDPE2 system is stabilized with a phenolic
AO and the mLLDPE?2 resin contains twice the level of AO as the LLDPEG resin.

The total AO level in the blends therefore increases linearly with an increasing
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concentration of LLDPE6. Figure 4.28 shows a plot of the CL-OIt versus
composition for the LLDPE6/mLLDPE2 system wherein the CL-Olt is observed to
increase linearly with increasing concentration of mLLDPE2. The linearity of this
plot supports the notion that the blend compatibility suggested by the DSC data (see
Figure 4.27) is also reflected in the idealized behaviour of the thermo-oxidative

stability data.

heat flow (endotherm) —
é

@
60 80 100 120 140
temperature / °C

Figure 4.27. DSC endotherms of selected LLDPE6/mLLDPE2
blends containing: (a) 0%, (b) 10%, (c) 30%, (d) 50%, (e) 70%,
(f) 90% and (g) 100% mLLDPE2. Blend compositions are (w/w).
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Figure 4,28. CL-Olt versus composition for the LLDPE6/mLLD-
PE2 blends where the data were obtained from CL instrument #1.
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4.3.2 Non-ldealized Blend Systems

The systems where mLLDPES is blended with either HDPEI or HDPE2 are less
ideal. Figure 4.29 shows the DSC melting endotherms for selected blends belonging
to the HDPE1/mLLDPES system where two peaks covering a wide melting range
are evident in some cases and correspond to the blend components. Indeed, the
endothermic curves for all blend systems studied in this work cover a notably wide
melting range. However, endothermic curves showing a significantly wider melting
range and multiple peaks when compared with those of the individual polymers have
been interpreted as being indicative of immiscibility or partial immiscibility in the
blend [592]. This may be attributable to the chain branching of the mLLDPE

component resulting from the octene comonomer [712].

The behaviour of the HDPE2/mLLDPES system is similar to that of the
HDPEI/mLLDPES system with two peaks distinguishable in many endotherms (see
Appendix 3). The presence of two peaks in the endotherms suggests that some
degree of immiscibility exists in the melt and that the components in these systems
are incompatible. The second peak cormresponding to the mLLDPE component
becomes more apparent when the data are subjected to a first time derivative

analysis and are presented at higher resolution (see Appendix 3).

Each of the components of the HDPEI/mLLDPES and HDPE2/mLLDPES systems
contain phenolic AOs such that the mLLDPES is stabilized at a relatively higher
level than either the HDPEL or HDPE?2 (see Table 3.2). The overall level of AO in
each system therefore increases linearly with an increasing mLLDPES level. A plot
of the CL-Olt versus composition for each of the HDPEI/mLLDPES and
HDPE2/mLLDPES systems is shown in Figure 4.30. In contrast to the other
systems studied in this work the CL-OIt of each of the HDPE1/mLLDPES and
HDPE2/mLLDPES5 systems does not increase linearly with an increasing level of the
more stable component in the blend. The CL-Olt values of the HDPEI/mLLDPES
system deviate negatively from the theoretical straight line drawn between the OITs
of the pure components (i.e. the theoretical line that represents the situation where

the observed stability is additive).
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Figure 4.29. DSC endotherms of selected HDPE1/mLLDPES
blends containing: (a) 0%, (b) 10%, (c) 20%, (d) 35%, (&) 50%,
(£) 65%, (g) 85% and (h) 100% mLLDPES. Blend compositions
are (w/w). '
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Figure 4.30. CL-OIt versus composition for the: (o) HDPE1/
mLLDPES blends and (¢) HDPE2/mLLDPES blends where the data
were obtained from CL instrument #1. Dotted lines show expected
trends for idealized behaviour.
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It is important to note that since the activation energy for thermal oxidation is
typically high for stabilized samples then small differences in temperature will give
rise to large deviations in the observed OIt. However, the consistent trends exhi-
bited by the OIt values obtained in the current work suggest that such temperature
fluctuation effects are not responsible for the observed deviations from idealized

behaviour. Indeed, the deviation of the HDPE1/mLLDPES system is negative for all
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compositions in the entire range. In the case of the HDPE2/mLLDPES system, the
deviation 1s negative only up to a composition of about 40% (w/w) mLLDPES5 after
which the CL approaches that of the 100% mLLDPES. The persistence of a
negative deviation for the HDPEI/mLLDPES system across all compositions
suggests that this system is less compatible than the HDPE2/mLLDPES system. In
either case the CL-OIt behaviour is non-ideal and this is a reflection of the behaviour
previously observed in the DSC analysis (see Figure 4.29). Furthermore, similar
non-linear OIt behaviour with blend composition has been observed in the case of
incompatible blends of EPR and PP [713]. In the HDPEI/mLLDPES and HDPE2/
mLLDPES systems studied in the present work, the similarly observed effects may
be due to a decrease in stabilizer efficiency that occurs when the solid-state incom-
patibility of the blend components persists to produce a melt that is heterogeneous.
The heterogeneity of the resultant melt may therefore play a key role in the

decreased stabilizer efficiency that is observed.

4.3.3 Consistency between CL Instruments and Techniques

In order to assess the consistency of CL-OIt data obtained from two different
instruments, each of the nine commercial PE formulations that were used to make
the blend systems were oxidized in CL instrument #2 under the same conditions
used previously in CL instrument #1 (i.e. 170°C, oxygen atmosphere, 1 bar, flow
rate 100 mL min™"). Shown in Figure 4.31 are the integrated CL profiles obtained
from CL instrument #2 for each of the PE resins. The metallocene-catalyzed
mLLDPE?2 and mLLDPES resins are the most stable presumably due to the high
level of AO in each. The low stabilities of mLLDPE3 and mLLDPE4 may be partly

attributed to their relatively low MW (see Table 3.2).

The structural uniformity [327] and the absence of catalyst residues in metallocene-
catalyzed PE resins [337] are believed to contribute to the stability of these
materials. The relative order of inherent stability of PE resins has been reported by
other workers as mLLDPE > HDPE > LDPE [327,337]. However, in the present

study it is unlikely that the effects of structural differences between the metallocene-
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Figure 4.31. Integrated CL profiles obtained from CL instrument #2
for each of the commercial PE resins used to make the blends.

catalyzed resins outweigh those due to the respective stabilizer levels and so the
relative order of stability observed amongst the resins is most likely to have been
determined by the level of AO in each resin. In particular, the AO content of
HDPE2 lies between that of mLLDPE2 and mLLDPE4 and this is reflected by its
intermediate stability, however the inherent stability of HDPE2 is also determined to
some extent by its high degree of crystallinity that inhibits oxygen access during
oxidation [327]. The LDPE resins exhibit the lowest stability and this is presumably
due to the absence of stabilizer in these and, to some extent, their low crystallinities.
Similarly, the lower stability of HDPE] compared with HDPE? is also attnbutable

to the relative AO levels in these materials.

An indication of the consistency of typical CL-OIt data can be achieved by plotting
the CL-OIt data that were obtained using CL instrument #1 against the
corresponding data that were obtained using CL instrument #2. Figure 432 shows
such a plot where the CL-OIt values plotted on the abscissa and ordinate axes were
derived from the integrated CL profiles by means of the STD analysis protocol
described previously [330]. The linearity of the plot suggests that there is a high
degree of consistency between the results obtained from the two instruments and the
favourable gradient and intercept values, which are close to unity and zero

respectively, further suggest that a high degree of reproducibility has been attained.

65



Chapter 4

&)
o
o

y = 0.934x + 3.369
|| r¥=0.992 o

EeN
o
o

300+

200+

100+

CL-Olt (instrument #2) / min

(@)

0 100 200 300 400 500
CL-Olt (instrument #1) / min

Figure 4.32. CL-Olt values obtained from CL instrument #2 versus
the corresponding CL-Olt values obtained from CL instrument #1
for each of the commercial PE resins used to make the blends.

A preliminary investigation of the extent to which results obtained from CLI
experiments correlate with those obtained from photon-counting CL experiments
was conducted using four of the resins that were used to make the blends. These
resins were individually subjected to oxidation in a CLI apparatus under the same
conditions used for the single-photon counting CL studies (i.e. 170°C, oxygen
atmosphere, 1 bar, tlow rate 100 mL min™). Figure 4.33 shows the integrated CLI
profiles for these resins together with the indicated CLI-Olt values that were
obtained using STD analysis [330]. The CLI experiments were conducted using
single samples to avoid the possible inter-sample “infection” that has been observed
previously during multiple sample CL imaging experiments [335,714]. The order of
stability that is revealed by the results of the CLI experiments 1s the same as that
observed previously in the single photon counting experiments, although the CLI-
OIt values are significantly greater than the corresponding CL-OIt values. A more
quantitative assessment of the correlation between the two techniques can be made
by plotting the CL-OIlt values obtained from the single photon counting experiments
against the CLI-Olt values obtained from the CLI experiments. Such plots are pres-
ented in Figure 4.34 for CL-OIlt data derived from both CL instrument #1 and CL
instrument #2. The plots show that, for each single photon counting instrument,
there is good correlation between the Olt values obtained using it and those obtained
using the CLI instrument. However, there is an offset of approximately 100 min

with respect to the CLI data that is attributable to a discrepancy in the temperature
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calibration of the CLI instrument during these preliminary trials. This highlights the

importance of accurate temperature calibration in CL work.
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Figure 4.33. Integrated CLI profiles for selected PE resins oxidized
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4.4 Physicomechanical Properties of Polyethylene Blends

In this section, the physicomechanical properties of various polyethylene blends are
investigated in order to identify blends that have superior or optimal properties. An
emphasis is placed on blends with mPEs as these matenals are relatively new and
are therefore not represented in the literature as extensively as blends of

conventional PEs to date.

4.4.1 Effect of Blending mLLPDE with HDPE

Blending HDPE with conventional LLDPE is primanly aimed at improving the
processability of the HDPE [621] but may also result in improvements in other
properties such as resistance to slow crack growth [715]. The physicomechanical
properties of blends of two HDPEs with one mLLDPE are examined in this section

in order to identity properties that may be improved by blending.

Physical Properties of HDPE1/mLLDPES and HDPE2/m LLDPES Blends

The density of PE is a function of the type and level of LCB and SCB within the
polymer [565]. A plot of density versus composition for blends of HDPEI with
mLLDPES is shown in Figure 4.35. The plot shows that the density of the blend is
additive with respect to the blend composition. A similar plot was obtained for
blends of HDPE2 with mLLDPES5 (data not shown). Such linearity has been shown
to be the case for a number of polyethylene blends [21,373,547,584] and suggests
that the presence of one type of crystal in the blend has little effect on the ability of
the other species to crystallize from the melt [373]. The density of the mLLDPE
resin is considerably lower than that of the HDPEs which is another charactenstic

property of mPE resins [31,378,379].

The MFI of a polymer or polymer blend is related to its relative molecular weight
and is often used to characterize processability [17,58,372]. A plot of MFI versus
composition for HDPE1/mLLDPE5 or HDPE2/mLLDPES blends is shown in
Figure 4.36(a). For the HDPEI/mLLDPES5 blends, this plot shows an upward trend
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in the MFI that is slightly less than being additive over the range of compositions
investigated. For the HDPE2/mLLDPES blends, however, the variation in MFI with
composition is approximately linear. A corresponding plot of the melt flow ratio
(MFR, MI,,/MI,) versus composition is shown in Figure 4.36(b). From this plot it is
evident that the MFR for each of the blends is less than additive and that the MFR of
100% mLLDPES is significantly lower than that of 100% HDPE1 or 100% HDPE2.
These data are consistent with the notion that mPE resins have narrow molecular
weight ranges which 1s reflected by their low MFR values [31,377,379].
Furthermore, the. data in Figure 4.36(b) suggest that the polydispersity of HDPEI is
greater than that of HDPE2.

0.960;
0.9504| ©e
0.940-
0.9301
0.920-
0.910:
0.900-
0.890-

3
8]

density/gcm
[ ]

@

0 20 40 60 80 100
% (w/w) mLLDPES

Figure 4.35. Density versus composition for HDPEI/mLLDPES
blends.

Tensile Properties of HDPE1/mLLDPES and HDPE2/mLLDPES Blends

A plot of yield strength versus composition for blends of HDPE1 or HDPE2 with
mLLDPES is shown in Figure 4.37. From this plot it is evident that the addition of
mLLDPES5 decreases the yield strength of each blend from ca. 33 MPa (for HDPE1)
and 25 MPa (for HDPE2) to ca. 12 MPa (for mLLDPES) in a non-linear manner.
This reduction in yield strength may be a result of the lower crystallinities of the
mLLDPE components [365,655]. Although this trend is clearly non-linear, the
variation in yield strength with blend composition is similar to that reported

elsewhere [589,594].

69



Chapter 4

1.4,
1.2

1.0
0] =% "

0.6 e
0.4 a

0.2 o
00l o °

140 '
120+
100{| &
80- §§
60 | 3

40+ = [

201 " e 3

MFI / dg min™

(b) MFR

MFR (ML,/M1.)
ot
gog]

0 20 40 60 80 100
% (w/w) mLLDPES

Figure 4.36. Plots of: (a) MFI and (b) MFR versus composition for:
(o) HDPE!/mLLDPES blends and (e) HDPE2/mLLDPES blends.
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Figure 4.37. Yield strength versus composition for: (o) HDPEL/
mLLDPES blends and (o) HDPE2/mLLDPES blends.

A plot of break strength versus composition for blends of HDPEl or HDPE2 with
mLLDPES is shown in Figure 4.38. The break strength of HDPEl/mLLDPES
blends was observed to vary between ca. 20 and 24 MPa and the break strength of
HDPE2/mLLDPES blends was observed to vary between ca. 18 and 24 MPa. These
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observations are in accordance with those made for blends of HDPE with conven-

tional LLDPE where the break strength was found to increase with increasing levels

of LLDPE in the blend [207].
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Figure 4.38. Break strength versus composition for: (o) HDPE1/
mLLDPES blends and (e) HDPE2/mLLDPES blends.

The percent elongation at break versus composition for blends of HDPE1 or HDPE2
with mLLDPES is shown in Figure 4.39. From this plot it is evident that increases
in percent elongation from a minimum of ca. 400% (for HDPE2) to ca. 700% occur
upon the addition of mLLDPE. Increases of this magnitude have also been reported
in the case of film blends [654]). This increase may be a function of the homogen-

eous molecular structure of the mLLDPE component [377].
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Figure 4.39. Percent elongation at break versus composition for:
(o) HDPE1/mLLDPES blends and (e) HDPE2/mLLDPES blends.
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Izod Impact Properties of HDPEl/mLLDPES and HDPE2/mLLDPES Blends

The Izod impact strength (IS) versus composition for blends of HDPE1 or HDPE2
with mLLDPES is shown in Figure 4.40(a). For blends containing greater than
50% (w/w) mLLDPES, up to and including 100% mLLDPES, no break was
observed under the test conditions. This suggests that the mLLDPES has superior
impact properties whibh are imparted as a result of blending with HDPE. It is also
evident from this plot that HDPE1 has much better resistance to impact than HDPE2
(ca. 90% greater). The individual effects of blending mLLDPES5 with HDPE] or
HDPE?2 are reflected in Figure 4.40(b) which shows the percentage increase in IS
with blend composition. This plot shows that the IS of HDPE2/mLLDPES5 blends
are improved dramatically with increases between ca. 27% and 92% whereas
HDPE1/mLLDPES5 blends are improved on average by only ca. 10%. The tensile
and impact properties presented here are clearly non-linear and this is consistent
with the notion of an immiscible or partially immiscible blend reflected by the DSC

and CL data (see Figure 4.29 and Figure 4.30 respectively).
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Figure 4.40. Plots of: (a) Izod impact strength and (b) % increase in
impact strength versus composition for: (o) HDPEl/mLLDPES
blends and (e) HDPE2/mLLDPES blends.
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4.4.2 Effect of Blending Low MW mLLPDE with Low MW LDPE

This section examines the physicomechanical properties of blends of a low MW
LDPE with two low MW mLLDPEs in order to identify properties that may be
improved by blending.

Physical Properties of LDPE4/mLLDPE3 and LDPE4/mLLDPE4 Blends

Figure 4.41(a) shows plots of density versus composition for blends of LDPE4 with
mLLDPE3 or mLLDPE4. These plots show that the density of the blend is additive
with respect to the blend composition. The densities of the mLLDPE resins are
much lower than conventional PEs which is another characteristic property of mPE
resins [31,378,379]. A plot of MFI versus composition for blends of LDPE4 with
mLLDPE3 or mLLDPE4 is shown in Figure 4.41(b). The MFI for each of the

blends shows a downward trend over the range ot compositions.
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Figure 4.41. Plots of: (a) density and (b) MFI versus composition
for: () LDPE4/mLLDPE3 blends and (o) LDPE4/mLLDPE4
blends.
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Tensile Properties of LDPE4/m LLDPE3 and LDPE4/mLLDPE4 Blends

A plot of yield strength versus composition for blends of LDPE4 with mLLDPE3 or
mLLPDE4 is shown in Figure 4.42. From this plot it is evident that the addition of
mLLDPE decreases the yield strength of each blend from ca. 9.5 to less than 6 MPa
in a non-linear but uniform manner. This reduction in yield strength may be a result
of the lower crystallinities of the mLLDPE components [365,655]. There was no
yield strength determined for the 100% mLLDPE4 which has the overall lowest
density and crystallinity of all materials used in the blends (see Table 3.2). For
blends of conventional LLDPE with LDPE, it has been shown that LLDPE increases
the yield strength of the blend as a result of the distribution of SCB in the LLDPE
matrix [365].
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Figure 4.42. Yield strength versus composition for: (e) LDPE4/
mLLDPE3 blends and (o) LDPE4/mLLDPE4 blends.

A plot of break strength versus composition for blends of LDPE4 with mLLDPE3 or
mLLPDE4 is shown in Figure 4.43. The break strength of blends with mLLDPE
was observed to vary between 6 and 8 MPa with the 100% mLLDPE3 having and
break strength of ca. 9 MPa. For blends involving mLLDPE4, the break strength
varies between ca. 5.5 and 6.5 MPa over the entire composition range. In contrast,
the break strength of LDPE is generally improved with the addition of conventional
LLDPE [95,655]. In blends of HDPE with conventional LLDPE both the break
strength and percent elongation at break improve with increasing levels of LLDPE

in the blend [207].
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Figure 4.43. Break strength versus composition for: (e) LDPE4/
mLLDPE3 blends and (o) LDPE4/mLLDPE4 blends.

The percent elongation at break versus composition for LDPE4/mLLDPE3 and
LDPE4/mLLDPE4 blends is shown in Figure 4.44. From this plot it is evident that
increases in percent elongation from ca. 100% to ca. 900% occur upon the addition
of mLLDPE and this is also shown to be the case for film blends [654]. This
increase may be a function of the homogeneous molecular structure of the mLLDPE
component [377] or as a result of the lower density of the blend [17]. Although the
tensile properties are clearly non-linear, there are no apparent discontinuities in the
data and this is consistent with there being blend compatibility [553,583,716]. This
supports the notion of blend compatibility suggested previously by the DSC data and

the CL data (see Figure 4.25 and Figure 4.26 respectively).
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Figure 4.44. Percent elongation at break versus composition for:
(e) LDPE4/mLLDPE3 blends and (o) LDPE4/mLLDPE4 blends.
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Impact Properties of LDPE4/mLLDPE3 and LDPE4/mLLDPE4 Blends

Instrumented impact testing of the LDPE4/mLLDPE3 and LDPE4/mLLDPE4
blends was conducted at room temperature and at -20°C. The resulting force-
displacement curves were analyzed for a number of charactenstic features. Typical
force-displacement curves for selected blends of LDPE4 with mLLDPE3 at room
temperature and at -20°C are shown in Figure 4.45. With the exception of 100%
LDPE4, there was no significant variation in the force-displacement curve for these
blends. Blends of LDPE4 with mLLDPE4 (see Figure 4.46), however, show

changes in the shape and the initial gradient of the curve.
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Figure 4.45. Force versus displacement at: (a) room temperature
and (b) -20°C for: (o) 100% LDPE4, () 50% (w/w) mLLDPE3 and
(o) 100% mLLDPE3.

The integrated area under the force-displacement curve is representative of the
energy required by the sample to cause it to yield and then fail [369]. The
“energy-to-peak” is the area under the curve enclosed by the baseline and the force
trace up to the peak and is representative of the energy absorbed by the sample when
it yields [369]. A plot of energy-to-peak for blends of LDPE4 with mLLDPE3 or
mLLDPE4 is shown in Figure 4.47. The energy-to-peak for each of the blends is
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similar ranging between ca. 0.7 J and 0.8 J when measured at -20°C. At room temp-
erature, the energy-to-peak is also similar and remains between 0.6 J and 0.8 J for
Jevels up to 50% (w/w) mLLDPE. Above this level, the energy-to-peak increases up
to maximima of ca. 4.7 J and ca. 11 J for 100% mLLDPE3 and mLLDPE4 respec-
tively. The greater energies absorbed by the 100% mLLDPE samples may be due to

the greater ductility of these materials that result from the homogeneity of the SCB
[19,232,253,370].
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Figure 4.46. Force versus displacement at: (a) room temperature
and (b) -20°C for: (o) 100% LDPEA4, () 50% (w/w) mLLDPE4 and
(0) 100% mLLDPEA4.

The “energy-to-break” is the total area under the curve up to the nominal break point
and this area is representative of the total energy required to break the test
specimen [369]. A plot of energy-to-break versus composition for blends of LDPE4
with mLLDPE3 or mLLDPE4 is shown in Figure 4.48. For each blend, the total
energy-to-break was again found to be relatively consistent between 7 J and 11 J at
room temperature as well as at -20°C for LDPE4/mLLDPE3 and LDPE4/mLLDPE4
blends. The highest energy-to-break was found to be ca. 16.7 J for 100% LDPE4
measured at room temperature which may be a result of the low MW of this
particular LDPE [369].
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Figure 4.47. Energy-to-peak versus composition at: (o) room
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Figure 4.48. Energy-to-break versus composition at: (o) room
temperature and (o) -20°C for: (a) LDPE4/mLLDPE3 blends and
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The ratio of the energy-to-peak to the energy-to-break is an indication of the relative
ductility of the test samples [369]. A plot of this ratio of energies versus compo-
sition is shown in Figure 4.49. From this plot it is evident that there is little
difference in the relative ductility of each of the blends at either test temperature
with the ratio of energies being relatively consistent between ca. 0.07 and 0.10.
Low values such as these suggest a brittle material, which is characteristic of
branched LDPE [369]. The ratio of energies for 100% mLLDPE3 and 100%
mLLDPE4 at room temperature, however, are much higher and are 0.65 and 0.79
respectively. This is indicative of these particular materials being more elastic and
is consistent with the properties of mPE materials in general [366-369]. Conven-
tional LLDPE is reported to be a highly ductile material as a result of the SCB and
SCB distribution [369]. Freezing the 100% mLLDPE samples at -20°C, however,
reduces the relative elasticity of the mLLDPE and causes the samples to be more
brittle.
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Figure 4.49. Ratio of energies versus composition at: (0) room
temperature and (e) -20°C for: (a) LDPE4/mLLDPE3 blends and
(b) LDPE4/mLLDPE4 blends.

The initial gradient of the force-displacement curve is an indication of the relative

stiffness, or modulus, of the material [369]. A plot of the modulus versus compo-
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sition 1s given in Figure 4.50. For the blends tested at room temperature, the
modulus of the each of the samples decreases from ca. 80 to 10 N mm™. This
suggests that with increasing levels of mLLDPE, the ductility of the material
increases [369]. For the blends tested at -20°C, the modulus of the LDPE4/
mLLDPE3 blends remains relatively unchanged and is comparatively higher than
the modulus measured at room temperature. Blends of mLLDPE4 tested at -20°C
show an increase in modulus from ca. 50 to 130 N mm™, followed by a decrease to
ca. 50 N mm™. This suggests that the ductility of mLLDPE at -20°C is lower than
the ductility at room temperature and this has been shown to be the case for

conventional LLDPE [369].
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Figure 4.50. Modulus versus composition for: (a) LDPE4/mLLD-
PE3 blends and (b) LDPE4/mLLDPE4 blends at: (0) room temp-
erature and (o) -20°C.

4.43 Effect of Blending mLLPDE with LLDPE for Film Applications

This section investigates the effect of blending mLLDPE with conventional LLDPE

on the physicomechanical and optical properties of blown films.
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Physical Properties of LLDPE6/mLLDPE?2 Blends

Figure 4.51 shows a plot of density versus composition for blends of mLLDPE2
with LLDPEG6. This plot indicates that the density of the blend is additive with
respect to the blend composition. The density of 100% mLLDPE? is slightly lower
than the conventional LLDPE6 resin which i1s a characteristic property of mPE
resins [31,378,379].
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Figure 4.51. Density versus composition for LLDPE6/mLLDPE2
blends.

A plot of MFI versus composition for LLDPE6/mLLDPE2 blends is shown n
Figure 4.52(a) and a plot of the corresponding MFR versus composition is shown in
Figure 4.52(b). The MFI increases from ca. 0.7 to ca. 1.0 dg min" with increasing
levels of mLLDPE2 in the blend. The MFR decreases from ca. 16 to a minimum of
ca. 14 at a level of 60% (w/w) mLLDPE2 followed by an increase to ca. 16 for
100% mLLDPE2. This unusual variation in MFR is indicative of blending a mate-
rial with a relatively narrow molecular weight range with a material having a

broader MWD [31,377].

Mechanical Properties of LLDPE6/mLLDPE?2 Blends

The yield strength versus composition of the LLDPE6/mLLDPE?2 blends is shown
in Figure 4.53. In the TD of the film the yield strength decreases from ca. 13 MPa
to a minimum of 10.4 MPa at 70% (w/w) mLLDPE2. Whereas conventional LDPE/
LLDPE film blends show no observable yield strength in the MD [228,555], yield
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strengths between ca. 12.5 MPa to 11 MPa are measured in the MD of the film
blends of LLDPE6 with mLLDPE2.
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Figure 4.52. Plots of: (a) MFI and (b) MFR versus composition for
LLDPE6/mLLDPE2 blends.
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Figure 4.53. Yield strength versus composition for LLDPE6/
mLLDPE? blends in the: (o) MD and () TD of the film.

A plot of the break strength versus composition is shown in Figure 4.54(a). The

break strength increases approximately linearly from ca. 44 MPa to 54 MPa in the
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MD of the film and from ca. 45 MPa to 54 MPa in the TD of the film. These data
suggest that there is little change in the break strength in the TD of the film up to
and including levels of ca. 50% (w/w) mLLDPE?2 in the blends. Furthermore, the
break strength values for the 100% mLLDPE2 and 100% LLDPE6 are similar in
both the MD and TD of the film. The percent elongation at break versus
composition ts shown in Figure 4.54(b). In both the MD and TD of the film, the
percent elongation decreases with increasing mLLDPE?2 in the blend. The variation

in percent elongation is more significant in the TD of the film as expected [717].
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Figure 4.54. Plots of: (a) break strength and (b) percent elongation

versus composition for LLDPE6/mLLDPE2 blends in the: (o) MD
and (®) TD of the film.

A plot of dart impact strength versus composition is shown in Figure 4.55(a). The
100% mLLDPE?2 film has more than twice the dart impact strength than 100%
LLDPEG6. The increase in dart impact strength with increasing levels of mLLDPE2
is approximately linear suggesting an additive relationship wath composition. This
observed behaviour supports the notion of blend compatibility suggested by the
DSC data (see Figure 4.27) and the CL data (see Figure 4.28) shown previously.

A plot of tear resistance versus composition is shown in Figure 4.55(b). In both the
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MD and the TD of the film the tear resistance shows little vanation with increasing
levels of mLLDPE2. In each case, the tear resistance in the TD is consistently
greater than that in the MD at the same composition possibly due to ornentation

effects that originate from the film blowing process [663,679,718].
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Figure 4.55. Plots of: (a) dart impact strength and (b) tear resistance

versus composition for LLDPE6/mLLDPE2 blends. Tear resistance
measured in the: (0) MD and (o) TD of the film.

Optical Properties of LLDPEG6/mLLDPE2 Blends

Figure 4.56 shows plots of the percent haze and the percent gloss versus
composition for blends of mLLDPE2 and LLDPE6. From this plot it can be seen
that the percent haze varies between ca. 12% and 18% for compositions up to and
including 90% (w/w) mLLDPE2. A maximum of ca. 30% haze is observed for
100% mLLDPE?2 with a minimum of ca. 12% at a level of 70% (w/w) mLLDPE2.
In contrast, the percent gloss varies between ca. 60% and 70%. A minimum of ca.
33% gloss is observed for 100% mLLDPE2 and a maximum of ca. 70% gloss is
observed for a blend containing 50% (w/w) mLLDPE2. These data suggest that the
addition of mLLDPE?2 to LLDPES has little effect on the overall clarity and optical
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properties of the film. Conversely, the data can also be interpreted in a way that
suggests the addition of a small amount (ca. 10% (w/w)) of LLDPE6 to mLLDPE2
dramatically improves the optical properties of the latter. This is consistent with

findings reported for blends of conventional LLDPE with LDPE [226,374,655].
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Figure 4.56. Plots of: (o) percent haze versus and (e) percent gloss
versus composition for LLDPE6/mLLDPE? blends.

4.4.4 Effect of Blending mLLPDE with LDPE for Film Applications

Blending mLLDPE with LDPE can result in the production of films that have
improved properties compared with films made entirely from LDPE [380,612,
615,700,701] and such blends can also be processed significantly better than blends
of conventional LLDPE with LDPE [226,374,380]. In view of the potential of
mLLDPE to enhance the physicomechanical properties of LDPE, this section
examines certain binary blends of mLLDPE with LDPE in order to identity any

blends that have optimal and desirable characteristics.

Melting Behaviour of LDPE2/mLLDPEI and LDPE3/mLLDPE] Blends

The melting behaviour of the crystalline phase of a polymer is a function of the
density and crystallinity of the polymer [59]. Figure 4.57 shows the DSC melting
endotherms for the LDPE2/mLLDPEL blends. In each case, a single crystalline

melting peak is observed suggesting the presence of a homogeneous crystalline
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phase [61,207,220,585]. Single crystalline melting peaks are also observed for the
melting endotherms of the LDPE3/mLLDPE! blends (see Appendix 3).

heat flow (endotherm) —

60 80 100 120 140
temperature / °C

Figure 4.57. DSC endotherms of selected LDPE2/mLLDPEI
blends containing: (a) 0%, (b) 10%, (c) 20%, (d) 50%, (&) 75%,
(£) 90% and (g) 100% mLLDPE!I. Blend compositions are (w/w).

Physical Properties of LDPE2/mILLDPE] and LDPE3/mLLDPE] Blends

Figure 4.58 shows plots of density versus composition for blends of mLLDPE] with
LDPE2 or LDPE3. From these plots it can be seen that the density of the blend is
additive with respect to the blend composition. The density of the mLLDPE is
considerably lower than conventional LLDPE resins which is characteristic of mPE
resins [31,378,379]. A plot of MFI versus composition for LDPE2/mLLDPEI and
LDPE3/mLLDPEI blends is shown in Figure 4.59(a). The MFI for blends of
mLLDPE] with LDPE2 increases approximately linearly whereas the MFI for
blends with LDPE3 show a downward trend over the range of compositions. A plot
of the corresponding MFR versus composition for each of these blends is shown in
Figure 4.59(b). From this plot it is evident that the MFR for each of the blends is
less than additive and that the MFR of pure mLLDPEI is significantly lower than
that of pure LDPE2 or LDPE3. These data are consistent with the notion that mPE
resins have narrow molecular weight ranges which is reflected by their low MFR
values [31,377,379]. Furthermore, the data in Figure 4.59(b) suggest that the
polydispersity of LDPE2 is greater than that of LDPE3.
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Mechanical Properties of LDPE2/mLLDPE] and LDPE3/mLLDPE] Blends

The yield strength in the TD as a function of composition for the blends of
mLLDPE1 with LDPE2 or LDPE3 is shown in Figure 4.60. From this plot it is
evident that the yield strength decreases with increasing levels of mLLDPE! from
ca. 11 to 7 MPa, and that this decrease is non-linear. In contrast, the yield strength
of the film blends of conventional LLDPE with LDPE generally increases with the
addition of LLDPE [655], which may be due to the heterogeneous SCB distribution
of LLDPE [365]. In the current work, there was no yield strength measurable in the
MD of any of the 100% films or, indeed, the blends. This is also reported for some
conventional LLDPE/LDPE film blends [228,365,555].

yield strength in TD / MPa

0 20 40 60 80 100
% (wiw) mLLDPE1

Figure 4.60. Yield strength in the film TD versus composition for:
(o) LDPE2/mLLDPE! blends and (o) LDPE3/mLLDPE! blends.

Plots of the break strength versus composition for each blend in the MD and TD of
the film are shown in Figure 4.61. In the MD (Figure 4.61(a)), there is no signi-
ficant variation in the break strength up to and including levels of ca. 50% (w/w)
mLLDPEL1 in either of the film blends. Furthermore, the values of the MD break
strength in this range are similar for both of the blends, which may be attributable to
a similar extent of alignment of the chains in each blend. For levels above 50%
(w/w) mLLDPEL, it is not clear whether this trend continues. However, in the TD
(Figure 4.61(b)) the variation in break strength appears to follow an upward trend

across the entire composition range. There is also a significant increase (ca. 25%) in
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break strength in the TD after the addition of ca. 10% (w/w) mLLDPE1. For film
blends of conventional LLDPE with LDPE, the break strength is shown to decrease
with increasing levels of LLDPE [374].
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Figure 4.61. Break strength versus composition for: (o) LDPE/
mLLDPE] blends aud (o) LDPE3/mLLDPE] blends in: (a) MD and
(b) TD of the film.

The percent elongation at break versus composition in the film blends is shown in
Figure 4.62. In the MD of the film (Figure 4.62(a)), the elongation at break
increases with increasing mLLDPE1 in the blend with the most significant increase
occurring above levels of ca. 20% (w/w) mLLDPEL. In the TD of the film (see
Figure 4.62(b)), the elongation values are numerically much greater than those
corresponding to the MD and the increase in these values follows an immediate
upward trend similarly to the case of the break strength data. In confrast, the
elongation values for conventional LDPE/LLDPE blends have been shown to either

decrease or increase only slightly with blend composition [374].
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Figure 4.62. Percent elongation at break versus composition for:
(o) LDPE2/mLLDPE! blends and (o) LDPE3/mLLDPE] blends in:
(a) MD and (b) TD of the film.

The dart impact test is a measure of the relative shock resistance of a polymer film
sample [374,377,379]. A plot of the dart impact strength versus composition for the
film blends is shown in Figure 4.63. The 100% mLLDPEI film has ca. 90% higher
dart impact strength than either 100% LDPE2 or 100% LDPE3. The increase in dart
imbact strength with increased levels of mLLDPEI is non-linear and there is a
significant improvement in this property at levels above ca. 10% (w/w) mLLD-
PEL [377). The increase observed beyond this level may be due to the homo-
geneity of the molecular structure of the mLLDPE1 [377,379]. Studies of conven-
tional LLDPE/LDPE blends [374] do not show as significant an increase in dart
impact strength over the range of compositions as that observed in the present work.
It is interesting to note that this fast-rate technique is capable of differentiating
between the two LDPE materials insofar as there is a significant difference between
both of the blends that can be detected at each of the compositions studied. The

ability of this technique to differentiate between the two LDPE materials may be
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explained on the basis that dart impact strength is relatively independent of film
orientation [663] and thus this test will reflect molecular structural properties

without being influenced by the manner in which the sample has been produced.
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Figure 4.63. Dart impact strength versus composition for:
(o) LDPE2/mLLDPE]1 blends and (e) LDPE3/mLLDPE] blends.

A plot of tear resistance versus composition for both blends is shown in Figure 4.64.
In the MD (Figure 4.64(a)), the tear resistance of both blends shows a similar
upward trend with increasing mLLDPE] content. In all cases, the tear resistance of
the LDPE3 blend in the MD remains greater than that of the LDPE2 blend across the
entire composition range which is expected due to higher polydispersity of the
LDPE3 [718]. In the TD (Figure 4.64(b)) the scatter in the data makes it difticult to
identify any trend. Nonetheless, the observation can be made that the overall tear
strength in the TD is greater than the corresponding tear strength in the MD at all
compositions. Clearly, this is expected due to orientation etfects resulting from the
film blowing process [663,679,718]. Furthermore, the superior tear strength of the
LDPE3 compared with the LDPE2 is more apparent from the 100% LDPE data
obtained from TD experiments (Figure 4.64(a)), than from the MD experiments
(Figure 4.64(b)). In contrast, blends of conventional LLDPE with LDPE are
reported to show a less than additive decrease in the MD tear resistance with

increasing LLDPE content [364,365,374]. The structural differences between con-
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ventional LLDPE and mLLDPE are a possible reason for the behaviour observed

elsewhere [31,379] and that observed in the current work.
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Figure 4.64. Tear resistance versus composition for: (o) LDPE2/

mLLDPE! blends and () LDPE3/mLLDPE! blends in: (a) MD and
(b) TD of the film.

Optical Properties of LDPE2/mLLDPEI and LDPE3/mLLDPE] Blends

Figure 4.65 shows plots of the percent haze and the percent gloss versus
composition for both of the blends. From this plot it can be seen that the percent
haze (Figure 4.65(a)) increases to a maximum of ca. 9% at a blend composition of
ca. 50% (w/w) LDPE2. This cloudiness may be due to melt fracture on the surface
of the film that occurs in the blend as a result of some partial miscibility or
processing conditions [374,719]. The blends of mLLDPE1 with LDPE3 have
overall less haze than the blends involving LDPE2, and have a maximum of ca. 6%
haze. The blend containing LDPE3 shows a dramatic decrease in percent haze to
ca. 3% at levels of mLLDPE! greater than ca. 30% (w/w) whereas the blend cont-

aining LDPE2 persists at a high level of haze beyond that composition.
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Figure 4.65. Plots of: (a) percent haze and (b) percent gloss versus

composition for: (o) LDPE2/mLLDPE! blends and (e) LDPE3/
mLLDPE! blends.

The behaviour of the blend containing LDPE3 is comparable to that exhibited in
blends of conventional LLDPE with LDPE which show a significant reduction in
haze [374] and improved film clarity [364] with increased levels of LLDPE. The
100% mLLDPE!L film exhibits the lowest haze and this reflects a characteristic
property of mPE films resulting from their low crystallinity [377,379]. The plots of
the percent gloss data (Figure 4.65(b)) complement those data obtained for the
percent haze insofar as blends that possess a high percent haze have a
correspondingly low percent gloss and the optimal blend composition appears close
to 30% (w/w) mLLDPE] as previously indicated. The 100% mLLDPEI film has a

gloss of ca. 95% that indicates its superior optical properties [377,379).

Theoretical Manipulation of Data — “Radar” Plots

The physicomechanical and optical data can be most conveniently handled

simultaneously by means of a radar plot. These parameters are plotied on a
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percentage scale on separate radial axes that issue outwards from an origin and the
axes are equiangular with respect to each other. In the current work the radials on
each radar plot are calibrated in 20% increments with zero being at the centre of the
plot and 100% at the outermost limit. Standardization of each quantity appearing on
the plot was achieved by, firstly, identifying the maximum value of that quantity that
was observed over all experiments, and secondly, expressing the corresponding
datum as a percentage of that value. The haze data are represented. on the radar
plots as the difterence between the maximum percent haze value and the particular
percent haze value, in order to provide a quantity whose value increases as the haze
decreases. Thus, an improvement in the overall properties of a material will be
indicated on the radar plot by dilation of the resultant polygon towards the outer
extremities of the plot and a concomitant increase of the area of the polygon. The
total area of a polygon on a radar plot is the sum of the areas of its triangular

segments.

The area, A4;, of the i triangular segment defined by the ordinate (r;, i+, 0) on a

radar plot having n such segments is given by equation (4.2):

-1

Z 41,1, sin(.) (4.2)

Since r, = r,, then the total area, A7 of the polygon is given by:

n=l

=Jr_h sin(7%)+z L ¥ F SINC) 4.3)
i=l

The MFR parameter is derived from MFI thus reflecting blend processability
[17,58,372], was not included on the radar plots. This parameter can be plotted as a
function of the blend composition and superimposed on a graph of the radar plot
area versus composition in order to identify an optimal blend composition. Such a
blend would presumably have optimal physicomechanical and optical properties

along with optimal processability.
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Figure 4.66 and Figure 4.67 show radar plots for the LDPE2/mLLDPE] and
LDPE3/mLLDPE]I systems at 10% and 20% (w/w) mLLDPE1 respectively. The
plots reveal that these systems have in general good haze, gloss, TD yield, and tear
strength, but have relatively low dart impact strengths. The latter arises as a result
of the normalization process used to obtain the dart impact data where the maximum
dart impact observed corresponds to 100% mLLDPE1. At blend compositions in
the range appropriate for, say, possible commercial films the level of mLLDPEI
would be much lower than this. Thus an arbitrary value of the maximum dart
impact would be considerably lower and so the percent dart impact strengths would
be correspondingly higher. In any case, the arbitrary nature of the choice in will not
affect the overall comparisons between the blends so long as this value remains

constant within the analyses.

Abreak MD Alear TD

Ayield TD

Figure 4.66. Radar plots of blends containing 10% (w/w) mLLD-
PE! with: (o) LDPE2 and (e) LDPE3.

Ahaze

Ayield TD

Figure 4.67. Radar plots of blends containing 20% (w/w) mLLD-
PEL with: (o) LDPE2 and (e) LDPE3.
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The differences between the LDPE2 and LDPE3 constituents are relatively small
across most properties represented on the radar plot at 10% (w/w) mLLDPE]1 (see
Figure 4.66). On the other hand, more noticeable differences between these two
materials can be seen at the higher level of 20% (w/w) mLLDPEI (see Figure 4.67).
On the basis of the radar plot areas associated with these figures, it can be shown
that blends containing the LDPE3 material have overall superior properties than
those containing the LDPE2. However, it should be noted that with regard to dart
impact strength (i.e. the high-rate detormation test) the radar plots reveal the blends
containing LDPE?2 are superior compared to those containing LDPE3. As expected,
this observation supports the data previously presented in Figure 4.63 where LDPE2

is consistently superior to LDPE3 in this regard.

Blend Optimization

The normalized areas associated with the radar plots for all blend compositions
studied have been calculated and are presented in Figure 4.68(a) and Figure 4.68(b)
for the LDPE2/mLLDPE! and LDPE3/mLLDPEI systems respectively. As expec-
ted, the normalized area increases with increasing mLLDPEI content in each of the
blends. The normalized MFR values for each of the blends have been superimposed
on these plots and, as expected, the values decrease with increasing mLLDPE1
content in the blend (see Figure 4.68(b)). Since a relative decrease in the normalized
MFR parameter reflects a reduction in processability [17,58,372] and an increase in
the normalized radar area indicates an improvement in the overall film properties,
then the point at which these two plots intersect will be indicative of a blend with
optimal physicomechanical and optical properties as well as optimal processability.
For blends of mLLDPEl with LDPE2 (see Figure 4.68(a)), the optimal blend
composition is ca. 30% (w/w) mLLDPE1 whereas for blends of mLLDPE1 with
LDPE3 (see Figure 4.68(b)), the optimal blend composition is ca. 20% (w/w)
mLLDPE]1.
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Figure 4.68. Plots of: (o) normalized radar plot area and () norm-
alized MFR versus composition for: (a) LDPE2/mLLDPE] blends
and (b) LDPE3/mLLDPEI! blends.

4.4.5 Effect of Downgauging on the Properties of LDPE Film Blends

In view of the potential benefits that may be gained from downgauging film blends,
this section examines certain binary blends of LDPE with mLLDPE or LLDPE in
order to identify any blends that have optimal and desirable characteristics at
constant gauge length. Based on these findings, an optimal composition range is

sought at various gauge lengths in order to assess the eftects of downgauging.

Physical Properties of LDPE2/LLDPEG6 and LDPE2/mLLDPE? Blends

Figure 4.69 shows that the density of each blend was confirmed to be additive with
respect to the blend composition with the density of pure mLLDPE2 being slightly
lower than the conventional LLDPE6 resin even though these materials were
produced with the same comonomer. Such behaviour is characteristic of mLLDPE2

resins [31,378,379].
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Figure 4.69. Density versus composition for: (¢) LDPE2/LLDPE6
blends and (o) LDPE2/mLLDPE2 blends.

A plot of MFI versus composition for LDPE2/mLLDPE2 and LDPE2/LLDPEG6
blends is shown in Figure 4.70(a) with a corresponding plot of MFR versus
composition for each of these blends shown in Figure 4.70(b). The MFI for each of
the LDPE2/mLLDPE2 and LDPE2/LLDPEG6 blends increases over the composition
range whereas the MFR decreases over the same composition range. This reflects
the difference in the molecular weights of each of the resins and is consistent with
there being a reduction in the polydispersity of the blend with increasing amount of
mLLDPE2 or LLDPES6. It is also evident that the MFR for each of the blends is less
than additive and that the MFR of pure mLLDPE2 or pure LLDPEG is significantly
lower than that of pure LDPE2.

Mechanical Properties of LDPE2/LLDPEG6 and LDPE2/mLLDPE?2 Blends

With the exception of the 100% mLLDPE2 and LLDPEG6 films, there was no
measurable yield strength found in the MD of the film blends. The yield strengths in
the MD of the 100% mLLDPE2 and LLDPEG6 film samples were found to be
11.13 MPa and 12.53 MPa respectively. Conversely, the yield strength in the TD
for all of the blends was measurable and this quantity for the blends of mLLDPE2 or
LLDPE6 with LDPE2 is plotted as a function of composition in Figure 4.71. From
this plot it is evident that the yield strength decreases with increasing levels of
mLLDPE2 whereas the yield strength of the film blends of LLDPE6 with LDPE2
increases with the addition of LLDPEG6 [655). The latter observation may be due to
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the heterogeneous SCB distribution of LLDPE6 [365] and has also been shown to be
the case for other conventional LLDPE/LDPE film blends [228,555].
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Figure 4.70. Plots of: (a) MFI and (b) MFR versus composition for:
(o) LDPE2/LLDPE® blends and (o) LDPE2/mLLDPE?2 blends.
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Figure 4.71. Yield strength in the film TD versus composition for:
() LDPE2/LLDPES blends and (o) LDPE2/mLLDPE?2 blends.

Plots of the break strength versus composition for each blend in the MD and TD of
the film are shown in Figure 4.72. In the MD of the film (Figure 4.72(a)), there is
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no significant variation in the break strength up to and including levels of
ca. 40% (w/w) mLLDPE2 or LLDPES in either of the film blends. Furthermore, the
values of the MD break strength in this range are similar for both of the blends,
which may be attributable to a similar extent of alignment of the chains in each
blend [661,720]. For levels above 50% (w/w) mLLDPE2 or LLDPEG6 the break
strength continues an upward trend with the ultimate break strength of 100%
mLLDPE?2 being ca. 22% greater than that of 100% LLDPE. In the TD of the film
(Figure 4.72(b)), the variation in break strength appears to follow an upward trend
across the entire composition range for each of the blends. Furthermore, there is
only slight variation in the break strength values in the MD compared to the TD
which suggests that that the molecular orientation is similar in each direction
[661,721]. The percent elongation at break versus composition in the film blends is
shown in Figure 4.73. The elongation at break increases with increasing mLLDPE2
or LLDPES®6 in the blend in both the MD and TD of the film. In each case, the
elongation values for 100% LLDPEG are greater than those for the 100% mLLDPE2
reflecting the more heterogeneous nature of LLDPE6 [19,211,233,248,249].
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Figure 4.72. Break strength versus composition for: (¢) LDPE2/
LLDPE6 blends and (o) LDPE2/mLLDPE2 blends in: (a) MD and
(b) TD of the film.
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Figure 4.73. Percent elongation at break versus composition for:

(e¢) LDPE2/LLDPE6 blends and (o) LDPE2/mLLDPE?2 blends in:
(a) MD and (b) TD of the film.

A plot of the dart impact strength versus composition for the film blends is shown in
Figure 4.74. The 100% mLLDPE2 film has much higher (more than 200%) dart
impact strength than either 100% LDPE2 or 100% LLDPE6. The superior dart
impact strength of the mLLDPE2 may be due to the homogeneity of its molecular
structure [377,379]. The dart impact strength is a typical example of a physico-
mechanical parameter that is expected to exhibit linear variation with blend
composition in idealized systems [59,431,583,722]. The observed linearity of dart
impact strength with composition supports the notion of blend compatibility sugge-
sted previously by the DSC data and the CL data (see Figure 4.23 and Figure 4.24
respectively). Indeed, such behaviour is observed in both of the LDPE2/mLLDPE?2
and LDPE2/LLDPEG blend systems where the dart impact strength of each system
increases approximately linearly with increasing levels of LLDPE6 or mLLDPE2.
Blends of conventional LLDPE with LDPE [374] generally exhibit lower dart
impact strengths than blends with mLLDPE resins and this behaviour is also
reflected in the results of the present study where the dart impact strengths of the
LLDPEG6 and LDPE? resins are significantly lower than that of the mLLDPE2.
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Figure 4.74. Dart impact strength versus composition for: (e) LD-
PE2/LLDPES6 biends and (o) LDPE2/mLLDPE?2 blends.

A plot of tear resistance versus composition for each of the blends is shown in
Figure 4.75. Up to and including a blend composition of 40% (w/w) mLLDPE2 or
LLDPE®6, the MD tear resistance (Figure 4.75(a)), remains relatively constant across
the composition range. Above these levels, however, the tear resistance of both
blends increases noticeably. In the TD (Figure 4.75(b)) the tear resistance increases
approximately linearly up to and including a blend composition of 70% (w/w)
mLLDPE?2 or LLDPEG6. Interestingly, the tear resistance of the 100% mLLDPE2 or
LLDPES6 film is slightly lower than that of the blend containing 70% (w/w) which

may be due to orientation effects resulting from the film blowing process [663,718].

Optical Properties of LDPE2/LLDPEG and LDPE2/mLLDPE? Blends

Figure 4.76 shows plots of the percent haze and the percent gloss versus
composition for both of the blends. From this plot it can be seen that the percent
haze (Figure 4.76(a)) of blends containing mLLDPE2 is slightly lower than that of
blends containing LLDPE6, particularly at a level of 40% (w/w) mLLDPE2.
Similarly, the percent gloss of the film (Figure 4.76(b)) increases with increasing
levels of mLLDPE2 or LLDPE6 with a maximum at ca. 40% (w/w) mLLDPE2. At
levels of mLLDPE?2 above this maximum there is a noticeable increase in the haze
and a corresponding decrease in the gloss. The decline in optical properties that 1s
observed at levels of mLLDPE2 above 40% (w/w) may be due to melt fracture that
occurs in the blend during processing conditions that subsequently results in surface

imperfections or roughness [723-727].
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Optimizing Blend Composition

The normalized areas associated with the radar plots for all blend compositions
have been calculated and are shown in Figure 4.77(a) and Figure 4.77(b) for the
LDPE2/mLLDPE2 and LDPE2/LLDPEG6 systems respectively. As expected, the
normalized area increases with increasing mLLDPE2 or LLDPEG6 content in each of
the blends. The normalized MFR values for each of the blends have been super-
imposed on these plots and, as expected, the values decrease with increasing
mLLDPE2 or LLDPEG6 content in the blend (see Figure 4.77(b)). The point at which
the normalized area sum and normalized MFR intersect will be indicative of a blend
with optimal physicomechanical and optical properties as well as optimal
processability. For LDPE2/mLLDPE2 blends (see Figure 4.77(a)), the optimal
blend composition is ca. 35% (w/w) mLLDPE2 whereas for LDPE2/LLDPEG6
blends (see Figure 4.77(b)), the optimal blend composition is ca. 40% (w/w)
LLDPE6. These blend compositions are consistent with other studies where the
optimum levels of mLLDPE or LLDPE in a blend with LDPE in the range of 25% to
50% (w/w) are suggested [226,700,702,708].
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Figure 4.77. Plots of: (o) normalized radar plot area and (o) norm-
alized MFR versus composition for: (a) LDPE2/LLDPES blends and
(b) LDPE2/mLLDPE2 blends.
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Downgauging the Film Thickness

The physicomechanical and optical data of the blends containing 20%, 30% or
40% (w/w) mLLDPE or LLDPE at the different gauge lengths were also
standardized in order to prepare rudur plots and calculate the area sums associated
with these plots. A blend with a relatively high area sum therefore is deemed to
have overall better physicomechanical and optical data than a blend with a relatively
low area sum. In the context of the current work, the change in the radar plot area
(AA = AnLippe2-Arppes) indicates the overall superiority of an LDPE2/mLLDPE2
film blend over a comparable one that is comprised of LDPE2/LLDPES6. In parti-
cular, a large value of AA indicates superior overall physicomechanical properties of

a given LDPE2/mLLDPE?2 blend compared with an LDPE2/LLDPE6 blend.

Figure 4.78 shows plots of AA versus composition at constant gauge length for the
blends studied in this work. A slight, but general upward trend in AA is observed in
Figure 4.78(a) and Figure 4.78(b) which suggests that as the composition increases,
the superiority of mLLDPE2 over LLDPE6 as a blend constituent in general
becomes greater at a given composition. Nonetheless, an interesting observation is
that the superiority of mLLDPE2 at a gauge length of 60 wm and 40% (w/w) is far
greater than under any other condition (see Figure 4.78(c)). The behaviour illust-
rated in Figure 4.78 is also reflected in Figure 4.79 where the data are replotted in
such a way as to keep the composition constant in order to examine the effect of
gauge length. The superiority of mLLDPE2 over LLDPE6 generally increases with
increasing gauge length with particular exception of the 40% (w/w) LDPE2/
mLLDPE2 blend that exhibits a signviﬁcant superiority at a small gauge length of
60 um (see Figure 4.79(a)) and the value of AA dramatically decreases when the
gauge length is increased. This may be attributed largely to a marked increase in the
optical properties imparted by the mLLDPE2 that becomes more pronounced at
smaller gauge lengths. Furthermore, the superior optical properties of the 40%

(w/w) mLLDPE2 blend are also apparent in the data shown in Figure 4.76.
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To illustrate further the effects of downgauging, selected radar plots are shown in
Figure 4.80 through Figure 4.82 which compares a given mLLDPE2 with an
LLDPES® film formulation. In Figure 4.80, the radar plots of 60 um film containing
40% (w/w) mLLDPE2 and 80 um film containing 20% (w/w) LLDPE6 suggests that
a higher level of mLLDPE2 at a lower gauge length increases the overall properties.
Figure 4.81 shows the radar plots of 80 pm film containing 20% (w/w) mLLDPE2
and 100 pm film containing 20% (w/w) LLDPE6. In this example, the same blend
composition with a thinner mLLDPE2 film results in similar overall properties.
Figure 4.82 compares the radar plots of 60 um film containing 40% (w/w) mLLD-
PE2 and 100 um film containing 40% (w/w) LLDPE. These data suggest that at the

same blend composition, a thinner mLLDPE2 film has better overall properties.

Aelongation TD Agloss
Aelongalion MD Adarnt
Abreak TD Atear MD
Abreak MD Alear TD

Ayield TD

Figure 4.80. Radar plots of: (0) 60 um film containing 40% (w/w)
mLLDPE2 and (e) 80 um film containing 20% (w/w) LLDPE®.

Ahaze

Ayield TD

Figure 4.81. Radar plots of: (o) 80 pm film containing 20% (w/w)
mLLDPE2 and (e) 100 um film containing 20% (w/w) LLDPE6.
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Ayield TD

Figure 4.82. Ruadar plots of (o) 60 pum film containing 40% (w/w)
mLLDPE?2 and () 100 pm film containing 40% (w/w) LLDPE6.

Potential Materials and Cost Savings Resulting from Downgauging

In addition to the possible improvements in physicomechanical properties that can
be achieved through the use of mPEs in polymer blends, the advantages of the latter
also extends to potential weight reductions and the associated cost reductions in such

formulations.

The mass of 1 m? sections of film based on a common component can be readily

calculated using the following mass balance equations:

m, = p,G,x + PG, (1= ) (4.4)
m, = p,G, 1, + PG, (1- 1) (4.5)

where m, and my are the masses of 1 m® section of film formulations ¢ and b
respectively, o1, po, and py are the densities of components 1 (mLLDPE2), 2
(LLDPEG6), and 3 (LDPE2) respectively, Ga and Gy are the gauge lengths of the film
formulations a and b respectively, and ¥ and jy, are the mass fractions of

components 1 and 2 respectively.
The mass difterence between formulations b and a is given by:
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Am = mb - mu (46)
= PG, 2, + P3G, (L= 1) - PG 1, - p,G,(1- 1,) (4.7)
Similar equations can be derived to calculate the cost difference [728]:

AC=C,-C, s

= PG 2,6, + 0,G, (L= 1,)c, -pG x.c,—0,G,(1-x,)c, (4.9)

where C, and C}, are the costs of 1 m® of film formulations « and b respectively and

¢i, €2, and ¢y are the cost per unit mass of components 1 (mLLDPE2), 2 (LLDPES),
and 3 (LDPE2) respectively.

Some selected examples of calculated mass and cost differences (based on current
costs of resins) for various compositions at different gauge lengths are given in
Table 4.3. This table serves to illustrate that in many cases the incorporation of
mLLDPE2 in a PE blend can achieve savings in material costs whilst simultaneously

imparting superior physicomechanical properties at reduced gauge length.

Table 4.3. Selected mass difference and cost difference calculations.

LLDPEG blend details mLLDPE?2 blend details
%LLDPE6, film gauge %mLLDPE2, film gauge AA Am/% AC/%

20%, 80 pm 40%, 60 um 0.306 281 23.6
40%, 100 pm 40%, 60 um 0.200 40.1 39.0
40%, 100 pm 20%, 100 pm 0.032 0.1 -0.6
20%, 100 um 20%, 80 pum 0.012 20.1 19.4

30%, 60 pm 20%, 60 pm -0.146 0.1 -0.7

Note:  The mass and cost differences are expressed as a percentage of the respective savings based
on a blend containing LLDPE6. A more detailed list of mass difference and cost difference
calculations is presented in Appendix 4. Blend compositions are (w/w).
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5.1 Conclusions

Several systems of polyethylene blends were preparéd where one component was a
conventional PE and the second component was a conventional LLDPE or an
mLLD‘PE‘ New techniques of blend characterization based on traditional DSC
analysis and FT-IR spectroscopy, and a relatively new method based on CL were
successfully developed and used to investigate the blends. The physicomechanical
and optical properties of some of the blends were investigated and the results were
used to optimize the composition of some of the film blends and assess the effects of

downgauging the film thickness.

Five systems of LDPE/LLDPE blends where the LLDPE component contains C4,
C6 or C8 éomonomer were prepared and characterized by DSC. A modified form of
multi-step isothermal annealing, the TSIA procedure, was developed and
investigated in order to characterize the blends. The TSIA procedure appears to
segregate effectively the LDPE component from the LLDPE component in all
blends studied regardless of the comonomer type with the LLDPE component
possessing a higher peak melting temperature after the TSIA treatment presumably
due to a decrease in branch density. Furthermore, the TSIA procedure results in the
segregation of two or more phases of LLDPE of varying branch density. It has also
been shown that the segregation method provides sufficient resolution to suggest
that it may form a useful part of a quantitative analytical technique for the
characterization of LDPE/LLDPE blends. In particular, this method should have
general applicability to blends containing low concentrations of the minor
component (e.g. 5% to 10% (w/w)) admixed polymer where conventional treatment

prior to DSC analysis produces thermograms that lack resolution.
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Four systems of PE blends where one component is a conventional LDPE or HDPE
and the second component is a conventional LLDPE or an mLLDPE were prepared
and investigated by FT-IR spectroscopy. An equation based on the ratio of two
absorbance peaks in an FT-IR spectrum was derived and has been successfully
applied to the quantitative analysis of the PE blends. The associated analytical
method relies on both the inherent differences and similarities of the PE components
in the blend to obtain a suitable absorbance ratio for use in the equation. In selecting
optimal peaks for the application of this method to PE blends, it has been confirmed
that one of the peaks must be distinct to one of the components whereas the other
peak should be common to both components. If one of the components is a
copolymer (such as LLDPE or mLLDPE), the peak relating to the SCB is deemed
suitable for use as a peak that is distinct to that component. A number of peaks have
been found to be suitable for selection as the common peak but care should be
exercised in the choice of that peak in order to optimize the lineanity of the equation.
Under certain circumstances peaks that are not spectrally distinct can be used
successfully in the application of the method. It is envisaged that the devised
method has particular merit in the routine analysis of PE blends provided that the

absorption properties have been previously calibrated.

The technique of chemiluminescence monitoring was successfully applied to four
systems of PE blends where one component is a conventional LDPE or HDPE and
the second component is a conventional LLDPE or an mLLDPE. The CL data
obtained for the blends was found to be consistent with the thermal and
physicomechanical properties of the blends and the CL technique has the potential to
produce information on important aspects of blends such as blend miscibility.
Decreased blend miscibility is reflected in the CL data as a departure from the
idealized behaviour that is observed in the case of more miscible blends.

Furthermore, in the case of non-ideal systems that exhibit immiscibility between the
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components, it appears that the immiscibility in the solid state 1s reflected to some
extent in the behaviour of the melt. The preliminary experiments conducted to
determine the level of consistency of CL results with regard to both vanability
between instruments and variability between techniques, indicate a high degree of
correlation exists in each case. However, differences in temperature calibration

between CL apparatus can result in an offset in the derived OIt values.

Following the successtful development of characterization techniques, the various
blends that were studied were subjected to physicomechanical and optical property
testing. For blends involving HDPE, significant improvements in the Izod impact
strength were achieved even by blending with small amounts of mLLDPE. The
tensile properties of the HDPE/mLLDPE blends were consistent with those of
HDPE with conventional LLDPE with considerable increases in percent elongation
observed for the blends. The variation in tensile properties of blends of low MW
LDPE with mLLDPE is similar to that of the HDPE/mLLDPE blends with
significant improvements in percent elongation observed. The instrumented impact
test results measured at room temperature and at -20°C for the LDPE/mLLDPE
blends showed little variation in energy-to-peak, energy-to-break and ratio of
energies with increasing levels of mLLDPE. The ductility of the blends, however,
increases with increasing levels of mLLDPE and the relative ductility 1s greater at

-20°C than at room temperature for each ot the blends.

For film blends of mLLDPE with conventional LLDPE, the yield strength decreases
and the break strength increases with increasing levels of mLLDPE in the blend.
Unlike the previous blends of HDPE or LDPE with mLLDPE, the percent
elongation at break decreases with increasing levels of mLLDPE in the
LLDPE/mLLDPE blends. The dart impact strength is shown to increase

significantly with increasing levels of mLLDPE in the blend. The tear resistance
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shows little variation with increasing levels of mLLDPE although the tear resistance
in the TD is consistently greater than that in the MD at the same composition. The
optical properties of the film suggest that the addition of mLLDPE to LLDPE
generally has little effect on the overall clarity of the film blends. An alternative
interpretation of the data, however, suggests the addition of a small amount of

LLDPE to mLLDPE noticeably improves the optical properties of the latter.

In order to assess the effects of blending mLLDPE on the properties of LDPE, two
systems of LDPE/mLLDPE film blends were prepared and the physicomechanical
and optical properties were systematically and successfully studied. The melt flow
properties of these blends were also studied in order to assess the ease at which the
blends can be processed. It was found that the addition of mLLDPE to LDPE
_ improves most of the properties under consideration in this work and that the LDPE
material having a higher polydispersity produces blends that have generally superior
properties. A novel adaptation of conventional radar plots, involving the
calculation of the area enclosed by the polygon on such a plot, ehables one to
identity a level at which mLLDPE can be incorporated in LDPE to produce optimal
overall properties. In the case of the LDPE materials studied, a level of mLLDPE of

between 20% and 30% (w/w) appears to be that required to achieve optimization.

The potential to downgauge LDPE/mLLDPE film blends while maintaining or
improving physicomechanical and optical properties compared with analogous
LDPE/LLDPE blends was investigated. At constant gauge length, the optimal blend
compositions for LDPE/mLLDPE blends and LDPE/LLDPE blends were found to
be ca. 35% (w/w) mLLDPE and ca. 40% (w/w) LLDPE respectively. When the
gauge length is varied, the physicomechanical and optical properties of a given
blend generally improve with increasing levels of mLLDPE or with increasing film

thickness. Of the complete matrix of gauge lengths studied in the current work,
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more that 68% of LDPE/mLLDPE blends had better overall properties than the
LDPE/LLDPE blend formulations with most of the LDPE/mLLDPE blends
containing 30% or 40% (w/w) mLLDPE. The best results for downgauging were
achieved at higher levels of mLLDPE with no LLDPE formulation out-performing
any blend containing 40% (w/w) mLLDPE at any gauge length. Downgauging a
film containing 40% (w/w) mLLDPE to a film thickness of 60 um can achieve
significantly better properties than a similar blend containing 40% (w/w) LLDPE at
100 pm film thickness. If such a formulation containing mLLDPE were to be used
in place of a formulation containing LLDPE, the potential materials or cost savings

are estimated to be ca. 40% and the resultant film would have similar properties.

5.2 Recommendations

A systematic approach is required in order to develop polyolefin blends that have
desirable physicomechanical and optical properties and that are commercially
viable. The development or implementation of suitable blend characterization
techniques is often an appropriate first step as it enables the analysis of structural
compatibility. The use of compatibilizers can be investigated if necessary but
providing the blend is structurally acceptable, the blend can be turther assessed by a
suitable suite of physicomechanical or optical tests over an appropriate range of
compositions. The tests should encompass the assessment of the properties that
would be considered important for the end-use of the resulting polymer blend. For
example, if a blend is required for a high impact resistant film packaging
application, the tests should include those that measure impact resistance such as

free-falling dart impact testing.

Following the collection of the physicomechanical and optical data, an effective
approach to data analysis is required. The current work has demonstrated that the

use of conventional radar plots and associated radar area sum calculations can
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enable the simultaneous and convenient analysis of a large amount of data. The
normalized area calculations can be adapted to reflect the more significant properties
with appropriate weighting factors applied to these radar areas. A blend with a
relatively high normalized area sum is deemed to have overall better

physicomechanical and optical properties than a blend with a comparatively low

area sum.

In order to optimize the blend composition, a parameter that is indicative of a
detriment to the blend over the range of compositions should be identified and
normalized over the same composition range. For example, this parameter could be
based on decreased processability with increasing blend composition or could be
based on possible increasing costs of blend components. By superimposing this
parameter with a plot of normalized radar area sums, the point at which these two
plots intersect will be indicative of a blend with optimal physicomechanical and
optical properties as well as optimal processability or associated costs. Indeed one
can propose that a three-dimensional plot of this nature could also be used to

optimize the controlling parameters.

5.3 Scope for Future Work

The potential of the analytical techniques based on DSC, FT-IR and CL developed
in this work could be applied to blends of different polymers in order to assess the
applicability of these methods to characterize blends other than those of

polyethylenes.
The use of radar plots and associated area sums as a means of identifying and

optimizing functional, potentially commercial blends could be further investigated

and developed into a computerized assessment tool.
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The development of an extensive database of general polymer blends would be
valuable in order to collate and centralize the vast amount of data that are available
in this field. Such a database would have potentially commerciai and industrial

appeal, particularly in the area of material selection and product development.

Although a complete analysis of the cost savings associated with blending is outside
the scope of the current work and was not subsequently pursued, future studies could

assess more extensively the cost benefits of blending existing polymers.

The development of new polymer materials with customized properties by blending
two or more existing polymers has almost unlimited potential for further
development. Combinations of polymers in binary blends alone are limited only by
blend compatibility but when combined with the use additives such as
compatibilizers the range of potentially useful materials based on existing or

recycled polymers is enormous.
The future of polymer blending technology lies in the propensity to develop

commercially useful or specialized engineering materials that can be quickly and

easily characterized and have optimum physicomechanical properties.
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Appendix 1 List of ASTM Test Methods

The following list details the ASTM methods (in order of designation number) used for the
physical, mechanical and optical property tests (see Section 3.3 and Section 3.4).

ASTM Method D 256 - 97, “Standard Test Method for Determining the Izod Pendulum Impact
Resistance of Plastics”, Plastics (I), 08.01, pp. 1-20, 1998.

ASTM Method D 638 - 98, “Standard Test Method for Tensile Properties of Plastics”, Plastics (1),
08.01, pp. 45-57, 1998.

ASTM Method D 792 - 98, “Standard Test Method for Density and Specific Gravity (Relative
Density) of Plastics by Displacement”, Plastics (1), 08.01, pp. 157-161, 1998.

ASTM Method D 882 - 97, “Standard Test Method for Tensile Properties of Thin Plastic Sheeting”,
Plastics (I), 08.01, pp. 163-171, 1998.

ASTM Method D 1003 - 97, “Standard Test Method for Haze and Luminous Transmittance of
Transparent Plastics”, Plastics (1), 08.01, pp. 199-204, 1998.

ASTM Method D 1238 - 98, “Standard Test Method for Flow Rates of Thermoplastics by Extrusion
Plastometry”, Plastics (I), 08.01, pp. 258-267, 1998.

ASTM Method D 1505 - 98, “Standard Test Method for Density of Plastics by the Density-Gradient
Technique”, Plastics (I), 08.01, pp. 304-310, 1998.

ASTM Method D 1709 - 98, “Standard Test Method for Impact Resistance of Plastic Film by the
Free-Falling Dart Method”, Plastics (1), 08.01, pp. 381-388, 1998.

ASTM Method D 1922 - 94a, “Standard Test Method for Propogation Tear Resistance of Plastic
Film and Thin Sheeting by Pendulum Method”, Plastics (I), 08.01, pp. 455-460, 1998.

ASTM Method D 1928 - 96, “Standard Practice for Preparation of Compression-Molded
Polyethylene Test Sheets and Test Specimens”, Plastics (1), 08.01, pp. 461-467, 1998.

ASTM Method D 1996 - 97, “Standard Test Method for Determination of Phenolic Antioxidants and
Erucamide Slip Additives in Low-Density Polyethylene Using Liquid Chromatography (LC)”,
Plastics (I), 08.01, pp. 481-486, 1998.

ASTM Method D 2457 - 97, “Standard Test Method for Specular Gloss of Plastic Films and Solid
Plastics”, Plastics (II), 08.02, pp. 9-13, 1998.

ASTM Method D 3417 - 97, “Standard Test Method for Enthalpies of Fusion and Crystallization of
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Appendix 2 Supplemental LDPE/LLDPE Figures

Supplemental figures for blend characterization by DSC (see Section 4.1).
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Figure A2.1. DSC melting thermograms of
LDPEI/LLDPE3 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE3 prior to the TSIA
procedure. Blend compositions are (w/w).
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Figure A2.3. DSC melting thermograms of
LDPEI/LLDPE4 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE4 prior to thc TSIA pro-
cedure. Blend compositions are (w/w).
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Figure A2.2. DSC melting thermograms of
LDPEI/LLDPE3 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE3 after the TSIA procedwre.
Blend compositions are (w/w).
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Figure A2.4. DSC melting thermograms of
LDPEI/LLDPE4 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE4 after the TSIA procedure.
Blend compositions are (w/w).
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Figure A2.5. Crystallization thermograms of
LDPEI/LLDPE2 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE2. Compositions are (w/w).
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Figure A2.7. Crystallization thermograms of
LDPEJ/LLDPE4 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE4. Compositions are (w/w).
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Figure A2.6. Crystallization thermograms of
LDPEI/LLDPE3 blends containing: (a) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPE3. Compositions are (w/w).
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Figure A2.8. Crystallization thermograms of
LDPEI/LLDPES blends containing: (2) 0%,
(b) 5%, (c) 25%, (d) 30%, (e) 60% and
(f) 100% LLDPEL. Compositions are (W/w).
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Figure A2.9. Peak melting temperature
versus composition for the LDPEI/LLDPE3
blends: (a) before the TSIA treatment and
(b) after the TSIA treatment: (o) LDPEI,
(o) LLDPE3 peak | and (w) LLDPE3 peak 2.
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Figure A2.11. Integrated area under the
LLDPE peak versus composition for the
LDPEI/LLDPE3 blends: (o) before the TSIA
treatment and (o) after the TSIA treatment.
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Figure A2.10. Peak melting temperature
versus composition for the LDPE1I/LLDPE4
blends: (a) before the TSIA treatment and
(b) after the TSIA treatment: (o) LDPEIL,
(o) LLDPE2 peak | and (m) LLDPE2 peak 2.
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Figure A2.12. Integrated area under the
LLDPE peak versus composition for the
LDPE1/LLDPE4 blends: (e) before the TSIA
treatment and (o) after the TSIA treatment.



Appendix 3 Supplemental DSC Themograms

Suppl.emental DSC thermograms for the study of blend miscibility by CL and DSC
techniques (Section 4.1) and melting behaviour of LDPE/mLLDPE blends (Section 4.4.4).
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Figure A3.1. DSC endotherms of selected
LDPE2/LLDPESG blends. The blends contain:
(a) 0%, (b) 10%, (c) 20%, (d) 30%, (&) 50%,

(f) 70% and (g) 100 % LLDPE6. Blend

compositions are (W/w).
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Figure A3.3. First-time derivative of DSC
endotherms of selected HDPEl/mLLDPES
blends over the temperature range 85-115°C.
The blends contain: (a) 0%, (b) 10%, (c) 20%,
(d) 35%, (e) 50%, (f) 65%, (g) 85% and (h)
100% mLLDPES. Compositions are (w/w).
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Figure A3.2. DSC endotherms of selected
LDPE4/mLLDPE4 blends. Blends contain:
(a) 0%, (b) 10%, (c) 25%, (d) 35%, (e) 50%,
(f) 75% and (g) 100% mLLDPE4. Blend
compositions are (w/w).
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Figure A3.4. DSC endotherms of selected
HDPE2/mLLDPES blends. Blends contain:
(a) 0%, (b) 10%, (c) 20%, (d) 35%, (e) 50%,
(f) 65%, (g) 85% and (h) 100% mLLDPES.
Blend compositions are (w/w).
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Figure A3.5. First-time derivative of DSC
endotherms of selected HDPE2/mLLDPES
blends in the temperature range 85°C to
115°C. The blends contain: (a) 0%, (b) 10%,
() 20%, (d) 35%, (e) 50%, (f) 65%, (g) 85%
and (h) 100% mLLDPES. Blend compo-
sitions are (w/w).
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Figure A3.6. DSC endotherms of selected
LDPE3/mLLDPE] blends. Blends contain:
(a) 0%, (b) 10%, (c) 20%, (d) 50%, (e) 75%,
(f) 90% and (g) 100% mLLDPEl. Blend
compositions are (w/w).
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Appendix 4 Mass and Cost Difference Calculations

The following table lists the mass difference and cost difference calculations for the
complete aray of compositions and gauge lengths that were prepared to study the effect of
downgauging on the properties of LDPE film blends (see Section 4.4.5).

Table A4.1. Mass difference and cost difference calculations from highest to lowest AA.

PE Blend Details

%LLDPEG6, film gauge %mLLDPE2, film gauge AA Am/% AC/%
20%, 60 pm 40%, 60 pm 0.386 0.2 -1.8
20%, 60 pm 30%, 100 pm 0324 -66.5 -68.8
20%, 60 pm 40%, 100 pm 0.306 -66.4 -69.7
20%, 80 um 40%, 60pm . 0306 25.1 23.6
20%, 60 pm - 40%, 80 pm 0.288 -33.1 -35.8
20%, 100 pm 40%, 60 pm 0.281 40.1 389
30%, 60 pm 40%, 60 pm 0.257 0.2 -1.7
30%, 80 pm 40%, 60 pm 0.240 25.1 23.7
20%, 80 pm 30%, 100 pm 0.244 -24.8 -26.6
20%, 80 pm 40%, 100 pm 0.226 -24.8 -27.3
20%, 80 pm 40%, 80 pm 0.208 0.2 -1.8
40%, 100 pm 40%, 60 pm 0.200 40.1 39.0
20%, 100 pm 30%, 100 pm 0219 0.1 -1.3
20%, 60 pm 20%, 100 pm 0.218 -66.5 -68.0
20%, 100 pm 40%, 100 pm 0.200 0.2 -1.8
30%, 60 pm 30%, 100 pm 0.195 -66.4 -68.7
40%, 60 pm 40%, 60 pm 0.188 0.2 -1.6
20%, 100 pm 40%, 80 pm 0.183 20.1 18.5
30%, 60 pm 40%, 100 pm 0.177 -66.4 -69.5
30%, 100 pm 40%, 60 um 0.180 40.1 39.0
30%, 80 pm 30%, 100 pm 0.178 -24.8 -26.5
30%, 60 pm 40%, 80 pm 0.159 -33.1 -35.6
30%, 80 pm 40%, 100 pm 0.159 -24.8 -27.1
20%, 60 pm 30%, 80 pm 0.163 -33.2 -35.1
40%, 80 pm 40%, 60 pm 0.151 25.1 238
30%, 80 pin 40%, 80 pm 0.142 02 -1.7
40%, 100 pm 30%, 100 pm 0.138 0.1 -1.1
40%, 100 pm 40%, 100 pm 0.120 0.2 -1.6
20%, 80 pm 20%, 100 pm 0.138 -24.9 -26.0
40%, 100 pm 40%, 80 pm 0.102 20.1 18.7
40%, 60 pm 30%, 100 pm 0.127 -66.4 -68.5
20%, 60 pm 30%, 60 pm 0.133 0.1 -1.3
40%, 60 pm 40%, 100 pm 0.108 -66.4 -69.3
30%, 100 pm 30%, 100 pm 0.118 0.1 -1.2
30%, 100 pm 40%, 100 pm 0.100 0.2 -1.7
20%, 60 pm 20%, 80 pm 0.118 -33.2 -34.4
40%, 60 pm 40%, 80 pm 0.090 -33.1 -354

Note:  The mass and cost differences are expressed as a percentage of the respective savings based
on a blend containing LLDPE6. Blend compositions are (w/w).
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Table A4.1. Continued.

PE Blend Details

%LLDPES6, film gauge

%mLLDPE?2, film gauge AA Am/% AC/%
20%, 100 pm 20%, 100 pm 0.112 0.1 -0.8
30%, 100 pm 40%, 80 pm 0.082 20.1 18.6
40%, 80 pm 30%, 100 pm 0.089 -24.8 -26.3
40%, 80 pm 40%, 100 pm 0.070 -24.8 -27.0
30%, 60 pm 20%, 100 pm 0.089 -66.5 -67.8
20%, 80 pm 30%, 80 pm 0.083 0.1 -13
40%, 80 um 40%, 80 pm 0.053 0.2 -1.6
30%, 80 pm 20%, 100 pm 0.071 -24.9 -25.9
20%, 100 pm 30%, 80 pm 0.057 20.1 19.0
20%, 80 pm 30%, 60 pm 0.054 25.1 24.0
40%, 100 pm 20%, 100 pm 0.032 0.1 -0.6
30%, 60 pm 30%, 80 pm 0.034 -33.2 -34.9
20%, 80 pm 20%, 80 um 0.038 0.1 -0.8
20%, 100 pm 30%, 60 pm 0.028 40.1 392
40%, 60 pm 20%, 100 pm 0.020 -66.5 -67.6
30%, 80 pm 30%, 80 pm 0.016 0.1 -12
30%, 100 pm 20%, 100 pin 0.012 0.1 -0.7
20%, 100 pm 20%, 80 pm 0.012 20.1 194
30%, 60 pm 30%, 60 pm 0.005 0.1 -1.2
40%, 100 pm 30%, 80 pm -0.024 20.1 19.1
30%, 60 pm 20%, 80 um -0.011 -332 -342
40%, 80 pm 20%, 100 pm -0.017 -24.9 -25.7
30%, 80 pm 30%, 60 pm -0.013 25.1 24.1
20%, 60 pm 20%, 60 pm -0.017 0.1 -0.8
30%, 80 pm 20%, 80 pm -0.029 0.1 -0.7
40%, 60 pm 30%, 80 pm -0.035 -33.2 -34.8
30%, 100 pm 30%, 80 pm -0.044 20.1 19.0
40%, 100 pm 30%, 60 pm -0.053 40.1 394
40%, 100 pm 20%, 80 pm -0.069 20.1 19.5
40%, 80 pm 30%, 80 pm -0.073 0.1 1.1
40%, 60 pm 30%, 60 pm -0.064 0.1 -1.1
30%, 100 pm 30%, 60 pm -0.073 40.1 39.3
40%, 60 pm 20%, 80 pm -0.080 -33.2 -34.]
30%, 100 pm 20%, 80 pm -0.088 20.1 19.5
20%, 80 pm 20%, 60 pm -0.097 25.1 244
40%, 80 um 30%, 60 pm -0.102 25.1 242
40%, 80 um 20%, 80 pm -0.118 0.1 -0.6
20%, 100 pm 20%, 60 pm -0.123 40.1 39.5
30%, 60 pm 20%, 60 pm -0.146 0.1 -0.7
30%, 80 pm 20%, 60 pm -0.164 25.1 245
40%, 100 pm 20%, 60 pm -0.204 40.1 39.7
40%, 60 pm 20%, 60 pm -0.215 0.1 -0.6
30%, 100 pm 20%, 60 pm -0.223 40.1 39.6
40%, 80 pm 20%, 60 pm -0.253 25.1 24.6

Note:

The mass and cost differences are expressed as a percentage of the respective savings based

on a blend containing LLDPE6. Blend compositions are (w/w).
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Appendix 5 Contents of Attached CD-Rom

The CD-Rom attached to this thesis (see inside back cover) contains the following folders
and files (PDF files or Excel files, sorted alphabetically):

Folders and files Contents
Chapters
Chapter 0.pdf Title page to beginning of Introduction
Chapter 1.pdf Introduction
Chapter 2.pdf Literature Review
Chapter 3.pdf Experimental
Chapter 4.pdf Results and Discussion
Chapter 5.pdf Conclusions
Chapter 6.pdf Appendix 1 to Appendix 5 & References

Data Iriles

Data B1 Blends.xls Blends of LDPE] with LLDPE] to LLDPES
Data B2 Blends.xls Blends of LDPE2, LDPE3 and mLLDPEI
Data B3 Blends.xls Blends of LDPE2, LLDPE6 and mLLDPE2
Data B4 Blends.xls Blends of LLDPE6 and mLLDPE2

Data BS Blends.xls Blends of LDPE4, mLLDPE3 and mLLDPE4
Data B6 Blends.xls Blends of HDPE1, HDPE2 and mLLDPE5S

Data FT-IR and CL.xls FT-IR data for B2, B3, B5 and B6 blends and
CL data for B3 through B6 blends

References
Reference Author.pdf Reference list with titles sorted by first author

ReferenceNumerical.pdf ~ Same as previous, ordered numerically

Thesis
Figures.pdf Figures separated from text
Thesis.pdf Complete thesis

Note: Excel workbooks best viewed at 1024 x 768 screen resolution.
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